Identification and characterization of off-odor and off-taste compounds in irradiated ready-to-eat (RTE) cooked meat products by Feng, Xi
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2016
Identification and characterization of off-odor and
off-taste compounds in irradiated ready-to-eat
(RTE) cooked meat products
Xi Feng
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, Animal Sciences Commons, and the Food Science Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Feng, Xi, "Identification and characterization of off-odor and off-taste compounds in irradiated ready-to-eat (RTE) cooked meat
products" (2016). Graduate Theses and Dissertations. 16052.
https://lib.dr.iastate.edu/etd/16052
  
 
Identification and characterization of off-odor and off-taste compounds in irradiated 
ready-to-eat (RTE) cooked meat products 
 
 
 
by 
 
Xi Feng  
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Meat Science  
 
Program of Study Committee: 
Dong U. Ahn, Major Professor  
Joseph G. Sebranek 
Joseph C. Cordray 
John F. Patience 
Kenneth J. Prusa 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2016 
 
 
Copyright © Xi Feng, 2016. All rights reserved.
ii 
 
TABLE OF CONTENTS 
 
ACKNOWLEDGMENTS ....................................................................................................... iv 
ABSTRACT .............................................................................................................................. v 
CHAPTER 1. GENERAL INTRODUCTION ......................................................................... 1 
Dissertation Organization ...................................................................................................... 3 
CHAPTER 2.  LITERATURE REVIEW ................................................................................. 5 
Irradiation .............................................................................................................................. 6 
Chemical and Biochemical Aspects ...................................................................................... 8 
Sensory Characteristics ....................................................................................................... 18 
Summary ............................................................................................................................. 20 
References ........................................................................................................................... 21 
CHAPTER 3. EFFECT OF IRRADIATION ON THE PARAMETERS THAT   
INFLUENCE QUALITY CHARACTERISTICS OF RAW TURKEY BREAST MEAT .... 34 
Abstract ............................................................................................................................... 34 
Introduction ......................................................................................................................... 35 
Materials and Methods ........................................................................................................ 36 
Results and Discussion ........................................................................................................ 40 
Conclusion ........................................................................................................................... 45 
Acknowledgments ............................................................................................................... 46 
References ........................................................................................................................... 46 
CHAPTER 4. EFFECT OF IRRADIATION ON THE PARAMETERS THAT   
INFLUENCE QUALITY CHARACTERISTICS OF UNCURED AND CURED     
COOKED TURKEY MEAT PRODUCTS ............................................................................ 59 
Abstract ............................................................................................................................... 59 
Introduction ......................................................................................................................... 60 
Materials and Methods ........................................................................................................ 61 
Results and Discussion ........................................................................................................ 64 
Conclusion ........................................................................................................................... 69 
Acknowledgments ............................................................................................................... 69 
References ........................................................................................................................... 69 
 
iii 
 
CHAPTER 5. EFFECT OF IRRADIATION ON THE DEGRADATION OF 
NUCLEOTIDES IN TURKEY MEAT .................................................................................. 79 
Abstract ............................................................................................................................... 79 
Introduction ......................................................................................................................... 80 
Materials and Methods ........................................................................................................ 81 
Results and Discussion ........................................................................................................ 84 
Conclusion ........................................................................................................................... 89 
Acknowledgements ............................................................................................................. 90 
References ........................................................................................................................... 90 
CHAPTER 6. MECHANISMS OF VOLATILE PRODUCTION FROM AMINO ACID 
ESTERS BY IRRADIATION .............................................................................................. 104 
Abstract ............................................................................................................................. 104 
Introduction ....................................................................................................................... 105 
Materials and Methods ...................................................................................................... 107 
Results and Discussion ...................................................................................................... 110 
Conclusions ....................................................................................................................... 121 
References ......................................................................................................................... 122 
CHAPTER 7. EFFECT OF IRRADIATION ON THE PARAMETERS THAT   
INFLUENCE QUALITY CHARACTERISTICS OF RAW BEEF ROUND EYE ............. 137 
Abstract ............................................................................................................................. 137 
Introduction ....................................................................................................................... 138 
Materials and Methods ...................................................................................................... 140 
Results and Discussion ...................................................................................................... 144 
Conclusion ......................................................................................................................... 149 
Acknowledgments ............................................................................................................. 150 
References ......................................................................................................................... 150 
CHAPTER 8. GENERAL CONCLUSION .......................................................................... 164 
 
 
 
 
 
iv 
 
ACKNOWLEDGMENTS 
 
I would  like to take this opportunity to express my thanks to those who helped me 
conducting research and the writing of this dissertation.  
First of all, I would like to express my deepest gratitude to my major advisor, Dr. Dong 
Ahn, for his patience, continuous encouragement and supports. With his invaluable 
recommendations and excellent guidance for my whole research, I can move forward in my 
PhD study. Besides experiments and study, Dr. Ahn also gave me valuable suggestions related 
to my professional goals and personal life. I really cherish the time working with him.  
          I also would like to thank my committee members, Dr. Joseph  Sebranek, Dr. Joseph 
Cordray, Dr. John Patience and Dr. Kenneth Prusa, for their helpful advice for my research 
plan and their encouragement for my study. I really appreciate them for their input to my 
professional progress. 
          I also want to thank laboratory members. Dr. Sunhee Moon, Dr. Marwan Alhijazeen, 
Hyunyong Lee, Jihee Kim, and others, who always gave me help when I need! 
          Besides, I also want to thanks my parents. Their unconditional love and sacrifice kindled 
inspiration and motivated me in every steps of my life. 
          Finally, I want to give my special thanks to my wife, Sisi Liu, whose love and 
understanding helped me complete this project.  
 
 
 
 
v 
 
ABSTRACT 
 
 This study was designed to elucidate the quality changes in meat products, especially 
ready-to-eat (RTE) meat products under irradiation. Raw turkey breast meat, cooked turkey 
breast meat and cured turkey meat products were prepared and irradiated at 0, 1.5, 3.0, and 4.5 
kGy using a linear accelerator, and changes in quality parameters including color, lipid and 
protein oxidation, off-odor volatiles, and nucleotides and nucleotides degradation products 
were determined. Our results indicated that irradiation resulted in different chemical reactions 
to quality parameters in raw, uncured and cured cooked turkey meat products, but cured cooked 
turkey meat products have a higher tolerance to color changes, odor and taste deterioration 
than raw and uncured cooked turkey meat products due to various additives in the cured meat 
products. With model systems, color changes, nucleotides degradation pathway and 
mechanisms of off-odor produced from amino acids side chains were elucidated. Meanwhile, 
employing raw beef round eye, taste profile deterioration and off-odor production during 
irradiation was further verified by electronic tongue and multivariate statistical analyses in the 
red meat system in addition the white meat system.  
 
Keywords: Irradiation, color changes, lipid oxidation, protein oxidation, volatile compounds, 
nucleotides, nucleotides degradation products, electronic tongue, multivariate statistical 
analysis 
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CHAPTER 1. GENERAL INTRODUCTION  
 
Because of the frequent listeriosis outbreaks and product recalls, the control of Listeria 
monocytogenes in processed ready-to-eat (RTE) turkey meats has gained urgency (Dickson, 
2009; Scharff, 2010; CDC, 2015). Irradiation is the best post-cook intervention method to 
control pathogens but changes odor and taste, which impacts consumer acceptance of RTE 
meats negatively (Zhu et al., 2004a; 2004b). However, no information on the odor/taste 
compounds in irradiated cooked meat is available. To develop methods that can prevent those 
changes and improve the safety and consumer acceptance of irradiated RTE meats, therefore, 
mechanisms of odor and taste changes should be elucidated first. The objective of this proposed 
research was to elucidate the mechanisms of odor/taste changes, and to characterize the 
compounds responsible for the off-odor/taste development in irradiated RTE meat products.  
The central hypothesis of the proposed research was that the odor and taste changes in 
irradiated RTE were cause by the interactions of volatile and nonvolatile compounds, and these 
compounds were produced by the radiolysis of meat components. The aims of this study were: 
1) to determine differences in color, lipid oxidation, protein oxidation and volatile compounds 
between irradiated and nonirradiated raw, cooked and RTE meat products, 2) to determine the 
effects of irradiation on color, lipid oxidation and protein oxidation in model systems, 3) to 
clarify the nucleotides degradation pathway under different irradiation doses with meat and 
model systems, 4) to elucidate the production mechanisms of off-odor volatiles from amino 
acid side chains, and 5) to extrapolate the results to other meat systems and verify the changes 
in sensory characteristics using the electronic tongue and multivariate analysis. 
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Through the research, we expected to identify compounds related to good or bad 
odor/taste in irradiated RTE meat products, characterize the odor/taste of irradiated RTE meat 
products, find specific changes in odor/taste compounds produced by irradiation, and correlate 
specific volatile and nonvolatile compounds with sensory characteristics of the irradiated meat. 
Also, we expect to find the sources of compounds responsible for the odor/taste changes in 
irradiated meat, the meat components that are the most susceptible for changes and responsible 
for the odor/taste changes by irradiation, and how irradiation is related to the changes in meat 
proteins that may influence the nutritional values of meat. 
The results will be used to deduce the changes taking place in meat by irradiation and 
evaluate the contribution of those compounds to the odor/taste changes in irradiated RTE meat 
products. Understanding the off-odor/taste mechanisms will be critical in developing methods 
that can minimize quality changes in irradiated RTE meat products, which is important for 
improving consumer acceptance.  
 
Key Words 
RTE turkey meat, irradiation, off-odor, off-taste, volatiles, nonvolatile compounds, sensory 
characteristics 
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Dissertation Organization 
 
This dissertation is composed of a general introduction (Chapter 1), literature review 
(Chapter 2), 5 individual papers (Chapters 3-7) and a general conclusion (Chapter 8). The 
literature review summarized the recent progress in the research on color, lipid oxidation, 
protein oxidation, taste and odor profiles in meat systems, and the effect of irradiation on the 
quality of meat products. Chapters 3 and 4 discuss the effect of irradiation on the parameters 
that influence quality characteristics of raw turkey breast meat, uncured and cured cooked 
turkey meat products. Chapter 5 demonstrates the effect of irradiation on the degradation of 
nucleotides in different turkey meat products as well as in model systems. Chapter 6 used 
amino acid esters as model systems to discuss the mechanisms of volatile production from 
amino acid side chains by irradiation. Chapter 7 further verifies the correlations between 
quality changes and sensory characteristics in an irradiated raw beef system with the electronic 
tongue and multivariate analysis. 
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CHAPTER 2.  LITERATURE REVIEW 
 
The focus of this dissertation was to elucidate the mechanisms of odor/taste changes, 
and characterize the compounds responsible for the off-odor/taste development in irradiated 
RTE meat products. Therefore, the topics in this literature review include irradiation process 
and the effect of irradiation on lipid oxidation, protein oxidation, color changes, off-odor 
volatiles production, nucleotides and nucleotides degradation products and sensory 
characteristics, and the future perspectives of irradiation on meat products. 
 
I. Irradiation  
      Irradiation process 
      Irradiation mode 
II. Chemical and Biochemical Aspects 
      Lipid oxidation 
      Protein oxidation  
      Color changes 
      Off-odor volatiles production 
      Nucleotides and nucleotides degradation products  
III. Sensory Characteristics  
IV. Summary 
V. References 
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1. Irradiation 
Since 1940, the concept of ionizing radiation to preserve food has been gradually 
developed. In 1954 to 1964, the US Quartermaster-Generals Department initiated several long-
term studies on various meat products, which contains ground beef, pork and bacon. According 
to the results, foods had been irradiated up to 5.6 Mrad by γ-rays from Co60 or by electrons of 
energy up to 10 MeV were wholesome (US Surgeon-general, 1965). However, the Food and 
Drug Administration withheld approval for irradiated ham in 1968. Twelve years later, 1980, 
the Food and Agriculture Organization of the United Nations, the International Atomic Energy 
Agency and the World Health Organization (FAO/IAEA/WHO) stated that “irradiation of any 
food commodity up to an overall average dose of 10 kGy presents no toxicological hazard and 
introduces no special nutritional or microbiological changes; hence toxicological testing of 
foods so treated is no longer required” (Lawrie & Ledward, 2006). 
Potato was the first food product approved for irradiation to inhibit sprouting during 
storage in 1964. However, the application of irradiation on meat is slower than in the vegetables 
and fruits, and it was not until 1985 when the first approve of using irradiation on meat to 
control Trichinella spiralis in pork was issued. From then on, the use of irradiation to control 
microorganisms in fresh and frozen poultry meat was permitted. Frozen red meat, shell eggs 
and shellfish were approved in 1990s and 2000s, but, the permission for cooked and processed 
food products are still waiting (Lawrie & Ledward, 2006).  
The advantages of irradiation for food preservation include the highly efficient 
inactivation of bacteria, no chemical residues and minimizes nutrient loss. Meanwhile, the food 
stuffs can be treated in the packages and containers, which eliminates further cross 
contamination after processing and prolongs shelf-life of meat (Farkas, 2006; Roberts, 2014). 
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1.1 Irradiation process 
According to radiation energies, irradiation can be divided into three different categories: 
electromagnetic radiation (γ-ray, X-ray), charged particle radiation (α-ray, β-ray, electron 
beam, photon), and uncharged particles (neutron). However, only high-energy electrons from 
linear accelerators, X-ray from the collision of the high energy electrons with a metal target, 
and γ-ray from radioactive sources (e.g.: Co60) are used in the food processing (Brynjolfsson, 
1989). Compared with electron beam and X-ray, γ-ray has a long half-life and high penetration 
power. Thus, it can be used to treat bulk foods on shipping pallets. X-ray has shallower 
penetration properties than γ-rays, but can penetrate deeper than the electron beams. Although, 
electron beam can penetrate only a few centimeters in the food stuffs, it has advantages in 
terms of process control, energy efficiency, irradiation speed and accuracy compared with the 
γ- and X-rays (Sadler, Chappas, & Pierce, 2001). 
 
1.2 Irradiation mode 
The first step of chemical reactions by irradiation is producing ions and other chemically 
excited molecules in the exposed medium. When an accelerated electron, X- or γ-ray enters 
into a material, the energy can be absorbed by an electron of an atom. This increases the energy 
level of the electron from the ground to the excited state and ejects an electron. The ejected 
electron will transfer its energy to the next electron in order to reduce its energy level, which 
will continue until not enough energy is left to cause electrons to escape from the orbitals. The 
first target of highly energized electrons is the water molecule in meat systems, and the 
radiolytic products produced from water by ionizing radiation are shown below (Thakur & 
Singh, 1994): 
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H2O (irradiation)  ·OH (hydroxyl radical) + ·H (hydrogen radical) + H2 (hydrogen) + H2O2 
(hydrogen peroxide) + H3O+ (hydrated proton) + eaq- (hydrated electron) 
 
2. Chemical and Biochemical Aspects 
As an attribute of foods, beverages, and seasonings, flavor has been defined as the 
integrity perceptions from the stimulation of the sense ends, which are mixed together at the 
entrance of the alimentary and respiratory tracts (Amerine, Pangborn, & Roessler, 1965). In 
the practical sensory analysis, flavor is defined as the aromatics that are caused by volatile 
substances released from a product reacting with the olfactory perceptions and the tastes that 
are caused by soluble substances in the mouth stimulating with gustatory perceptions (Caul, 
1957; Meilgaard, Civille, & Carr, 2007).  
The chemical composition of fresh meat provides the precursor compounds for basic 
meat flavor, including sugars, 5'-nucleotides, glycoproteins, and S-containing amino acids 
(Brewer, 2009; Hsieh, 1981). Schutte (1977) distinguished 3 types of meat flavor: taste 
mixtures composed of non-volatiles like monosodium glutamate, ribonucleotides and organic 
acids; mixtures of volatile compounds such as pyrazines, thiazoles, and oxazoles, which appear 
to be major contributors to meat odor (Lorenz et al., 1983); and 'reaction flavors' produced 
from the thermal degradation of lipids, the Maillard reaction between amino and carbonyl 
groups, thiamine and ribonucleotides degradation, the pyrolysis of amino acids and peptides, 
the caramelisation of carbohydrates as well as the secondary reactions between the products of 
these primary reactions (Khan, Jo, & Tariq, 2015; Mottram, 1998; Neethling, Hoffman, & 
Muller, 2016). The total meat flavor is coming from a well-balanced combination of these three 
types of meat flavor (Ahn & Lee, 2009).  
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Although irradiation is very effective in controlling pathogens, it can deplete 
antioxidants in muscle, induce color change, produce off-odor volatiles, and negatively alter 
the sensory characteristics of meat products. In addition, different meat categories have varying 
resistance to the oxidation-reduction environment. Raw meat is more resistant to oxidation 
than cooked meat because the antioxidant enzymes as well as the reducing power of the raw 
meat are active. Heating can damage the membrane structure of the muscle cells and exposes 
the phospholipids to external environment, which increases the susceptibility of meat to 
oxidation (Ahn, Wolfe, Sim, & Kim, 1992). Addition of nitrite can provide a strong antioxidant 
ability to meat products (Lee & Ahn, 2011). Therefore, the tolerance of cured meat to oxidative 
changes and color fading is higher than that of the uncured meat products (Zhu, Lee, Mendonca, 
& Ahn, 2004; Zhu, Mendonca, Lee, & Ahn, 2004; Zhu et al., 2005; Houser et al., 2005;). 
 
2.1 Lipid oxidation 
Lipid oxidation is a free radical chain reaction that is comprised of three primary steps: 
initiation, propagation and termination. The initiation of lipid oxidation is taking place when 
there is a sufficient reactivity to extract a hydrogen atom from a methylene group of fatty acids 
(RH) to produce a fatty acid free radical (R•) (Equation 1): 
RH (fatty acid)  R• + H•                                               (Equation 1) 
In the propagation stage, an unpaired electron is left in the carbon chain, which makes 
the free lipid radical (R•) reacts quickly and easily with oxygen to form a hydroperoxyl radical 
(Equation 2):  
R• + O2  ROO•                                                             (Equation 2) 
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However, the hydroperoxyl radical is very unstable, and will attack fatty acid double 
bonds to abstract a hydrogen atom in order to decrease its energy level (Equation 3).  
ROO• + RH  ROOH + R•                                            (Equation 3) 
The newly formed hydroperoxide (ROOH) can be degraded into aldehydes and ketones 
giving the rancid odors to the food products. In addition, the newly formed fatty acid free 
radical can react with O2 to produce another ROO•, so the free radical chain reaction continues.  
The last step of lipid oxidation is termination process, in which radicals can react with 
each other to terminate the cycle, but usually not until after many rounds (~500) of the sequence 
(Min, 2006).  
The hydroxyl radical, which is produced by irradiation, can initiate lipid oxidation in 
meat system by extracting a hydrogen atom. Under aerobic conditions, polyunsaturated fatty 
acids are easily oxidized, and the lipid oxidation in meat under irradiation is dose-dependent 
(Feng, Moon, Lee, & Ahn, 2017). While in anaerobic conditions, irradiation has little effect on 
the development of lipid oxidation. The states of the meat products significantly influence the 
extent of lipid oxidation by irradiation. For example, irradiation has little effect on the lipid 
oxidation of frozen meat even under aerobic conditions (Nam & Ahn, 2002) because little free 
water is available to produce hydroxyl radicals under frozen states. Variety of volatiles 
including hydrocarbons, alcohols, ketones and aldehydes can be produced from lipid oxidation 
by irradiation. However, aldehydes contributes the most to the oxidation odor and rancidity in 
meat, and the amount of hexanal in the oil emulsion model system increased linearly as the 
irradiation dose increased (Brewer, 2009). 
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2.2 Protein oxidation  
Muscle proteins account for approximately 19% of muscle weight.  The muscle protein 
can be broadly divided into three categories: (1) the sarcoplasmic protein (soluble in water or 
dilute salt solutions); (2) the myofibrillar proteins (soluble in concentrated salt solutions) and 
(3) the stromal protein (insoluble in neutral aqueous solvents) (Lawrie & Ledward, 2006). 
Sarcoplasmic proteins account for 55% of the total muscle proteins and they are a 
mixture of several hundred proteins, which include the enzymes for tricarboxylic acid cycle, 
anaerobic metabolism, glycolytic pathways, lipid and protein synthesis, amino acid 
metabolism and muscle proteases during postmortem aging, and myoglobin, a muscle pigment 
(Scopes, 1964).  
Myofibrillar proteins are composed of myofibrils and classified as contractile, regulatory 
and cytoskeletal proteins based on their locations and functions. The main proteins in the 
myofibrils are myosin and actin. There also are other types of proteins that regulate the muscle 
contraction and transmit the tension from sarcomeres to the whole myofibrils (Au, 2004). 
Around 2.0% of the total muscle proteins are stromal proteins, which contain the 
connective tissues and organelles (mitochondria, etc.). The major proteins in the connective 
tissues are  collagen and elastin. Connective tissues play an important role as a mechanical 
support for the bone blood vessels and nerves (Lawrie & Ledward, 2006). 
Protein oxidation is defined as the covalent modification of a protein induced either by 
the direct reactions with reactive oxygen species (ROS) or indirect reactions with the secondary 
by-products of oxidative stresses (Zhang, Xiao, & Ahn, 2013). ROS can be produced from a 
natural byproduct of the normal metabolism of oxygen, such as mitochondrial electron 
transportation reaction. However, during the environmental stresses (e.g.: ionizing radiation), 
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ROS levels can increase dramatically and can result in damages to cell structure (Berg, 
Tymoczko, & Stryer, 2012). The by-products oxidation (e.g.: malondialdehyde from lipid 
oxidation) can covalently bind with protein residues and oxidize proteins (Requena et al., 1997). 
The category of protein oxidation includes: 
 (1) Oxidation of protein backbone: an α-hydrogen atom is extracted from an amino acid 
reside to form a carbon-centered radical, then the carbon-centered radical reacts rapidly with 
O2, and finally it is converted into a hydroxyl protein derivative (Berlett & Stadtman, 1997);  
(2) Oxidation of amino acid residues: all amino acid residues are susceptible to oxidation by 
•OH, and the oxidation products of amino acid side chains are list in Table 1 (Zhang et al., 
2013);  
(3) Peroxynitrite-related protein oxidation: nitiric oxide reacts with O•2- to form 
peroxynitrite (Reaction 1):  
NO + O•2-  ONOO-                                                                      (Reaction 1) 
The newly formed peroxynitrite can nitrosylate cysteine and nitrate tyrosine, and oxidize 
methionine, tryptophan and phenylalanine (Beckman, Chen, Ischiropoulous, Crow, & Ye, 
1994). 
(4) Formation of protein carbonyl derivatives: Generation of carbonyl groups is the most 
common damage as a consequence of protein oxidation. Several major pathways can produce 
protein carbonyls from meat proteins, including fragmentation of backbones through the α-
amidation pathway and β-scission; direct oxidation of amino acid side chains (Amici, Levine, 
Tsai, & Stadtman, 1989); and addition of reactive carbonyl derivatives (Decker, Faustman, & 
Lopez-Bote, 2000).  
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Irradiation can significantly increase protein oxidation in chicken thigh meat (Xiao, 
Zhang, Lee, Ma, & Ahn, 2011). As we have discussed previously, irradiation can produce 
hydroxyl radicals from water molecules (Thakur & Singh, 1994). These free radicals can 
further oxidize amino acid residues such as cysteine, cystine, methionine, tyrosine, 
phenylalanine, histidine, tryptophan, and lysine, which are susceptible to irradiation 
(Grolichová, Dvořák, & Musilová, 2004). Irradiation also can destroy the secondary and 
tertiary structures of proteins through the reducting reaction to the -S-S- bond or oxidative 
reaction to the -SH group (Ressouany, Vachon, & Lacroix, 1998). However, the extent of 
protein oxidation depends on the irradiation dose, storage temperature and the availability of 
oxygen to meat (Giroux & Lacroix, 1998). As a result of protein oxidation, the tenderness 
(Huff-Lonergan & Lonergan, 2005), water-holding capacity, and flavor and sensory attributes 
of meat products are affected (Ahn, Jo, & Olson, 2000).  
 
2.3 Color changes 
The primary factor that consumers uses as the main freshness criterion and for 
purchasing  meat is the overall appearance. In general, consumers prefer to purchase the fresh 
meat with bright red color and have a definite bias against tan or brown discoloration (Hood 
& Riordan, 2007). 
The color of meat is governed by the concentration of myoglobin with a minor 
contribution from hemoglobin and cytochromes (Kim & Hunt, 2011). Myoglobin, molecular 
weight 16,700, is a monomeric protein in sarcoplasmic fraction of the muscle. It contains a 
globular protein portion (globin) and a nonprotein portion, heme ring. A heme iron is located 
in the center of heme ring and can form six ligands (bonds). Four of these ligands are in the 
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plane with the heme ring, but the other two are perpendicular to the heme plane (Berg et al., 
2012). The fifth position of the ligands is connected to the proximal histidine-93, which links 
the heme group to globin. The six ligand of heme ring is a free binding site that can form a 
ligand with gas compounds such as oxygen, carbon monoxide, and nitric oxide when the 
chemical states of heme iron are in reduced form (Aberle, Forrest, Gerrard, & Mills, 2001).  
There are three different forms of myoglobin (met-, reduced-, and oxymyoglobin). 
During the conversion of muscle to meat, the oxygen inside the meat is gradually depleted by 
the enzymes, thus, a reduced state in the internal part of meat is established. In this state, the 
sixth ligand of heme ring binds non-covalently with a water molecule. The color of such 
pigment is purple and is called reduced myoglobin or deoxymyoglobin. Once the meat is 
exposed to high oxygen pressure, the sixth ligand of heme ring will bind with an oxygen, 
forming oxymyoglobin, and provide a cherry color to meat. The brown color in meat is usually 
caused by the oxidation of myoglobin to metmyoglobin when oxygen pressure is low. However, 
in some cases, the oxidized brown color can be turned into cherry color if a strong reducing 
power converts the metmyoglobin to reduced myoglobin and an oxygen is attached to the six 
ligand of the heme ring (Aberle et al., 2001).  
After irradiation, the color of raw meat is significantly dependent upon the irradiation 
doses, animal species, muscle types and packaging condition. For white meat such as turkey 
breast, the redness increases both in the vacuum or aerobic packaging conditions. However, in 
red meat such as beef round eye, the color changes are different from white meats: under 
aerobic conditions, the color of the irradiated raw beef changes into brown while in the 
anaerobic conditions, the redness of the meat is gradually decreased (Feng, Jo, Nam, & Ahn, 
2016). The increase of redness in raw meat is caused by carbon monoxide through the 
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formation of carbon monoxide-myoglobin (CO-Mb) (Nam & Ahn, 2002). Lee & Ahn (2004) 
reported that the major sources of carbon monoxide in the meat systems are asparagine, 
glyceraldehydes, and phospholipids. Meanwhile, a reducing environment also is in need to 
lower oxidation-reduction potential (ORP) of meat and maintain the meat pigments in ferrous 
form, especially for red meat. After irradiation, the hydrated electron and hydrogen radicals 
could provide a reduced environment (Thakur & Singh, 1994). However, the packaging of 
meat (availability of oxygen) can dramatically influence oxidative changes and thus, oxidation-
reduction potential (ORP) of meat. If the oxidative power prevails inside meat, heme pigments 
are in ferric form, which only allows a weak binding of a water molecule (charged dipole 
interaction) to the sixth ligand of heme. Under reducing conditions, however, meat pigments 
are in ferrous form and O2, CO, and NO can form ligands with meat pigments (Judge, Aberle, 
Forrest, Hendrick, & Merkel, 1989). For uncured cooked meat, the color changes after 
irradiation under aerobic and anaerobic conditions are similar to raw meat (Nam & Ahn, 2002), 
but a color fading is usually observed in cured cooked meat products which is possible due to 
the detachment of nitric oxide from the curd pigment by radiolysis (Houser et al., 2005).  
 
2.4 Off-odor volatiles production 
The odor of irradiated meat has been described as “rotten egg”, “bloody and sweet”,  
“barbecued corn” or “liver-like serumy” odor (Brewer, 2009). Several off-odor volatile 
compounds, including 2-methyl butanal, 3-methyl butanal, 1-heptene, 1-octene, 1-nonene, 
hydrogen sulfide, sulfur dioxide, mercaptomethane, dimethyl sulfide, methyl thioacetate, 
dimethyl disulfide and dimethyl trisulfide, are newly generated or increased in meat by  
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irradiation (Patterson & Stevenson, 1995; Fan, Sommers, Thayer, & Lehotay, 2002; Lin et al., 
2007; Arvanitoyannis & Tziatzios, 2010; Panseri et al., 2015;).  
          Patterson and Stevenson (1995) reported that dimethyl trisulfide is the most potent off-
odor compound in irradiated chicken meat, and Ahn et al. (2000) suggested that volatile 
compounds responsible for off-odor in irradiated meat were produced mainly by the radiolysis 
of sulfur-containing amino acids. The radiolysis of amino acids should play an important role 
in the production of off-odor volatiles in irradiated meats, because more than 70 % of meat is 
water and proteins, which are composed of variety of amino acid groups (e.g.:  acidic, amide, 
basic, aromatic, aliphatic, aliphatic hydroxyl and sulfur containing groups), are the second 
major components of meat (Lawrie & Ledward, 2006). Ahn et al. (2002a; 2002b; 2016a; 2016b) 
used amino acid homopolymer and monomers to discuss the production mechanisms of off-
odor volatiles from amino acids by irradiation. The sulfur-containing amino acids produced 
similar odor characteristics to that of the irradiated meat. The volatile compounds produced 
from amino acids by irradiation were not only the primary products of radiolytic degradation, 
but also the products of extensive chemical reactions including deamination, Strecker 
degradation, dehydrogenation, isomerization, cyclic reaction, and decarboxylation of the 
radiolytic products. However, the contribution of low-molecular weight aldehydes 
(acetaldehyde, propanal, 2-methyl propanal, 2-methyl butanal, and 3-methyl butanal) produced 
from acidic, aliphatic and aliphatic hydroxyl group amino acid through the radiolysis of amino 
acid side chains or Strecker degradation was minor compared with that of the sulfur amino 
acids  (Fig. 1). 
The off-odor in irradiated meat also is dependent on packaging conditions: irradiation 
has little effect on lipid oxidation when oxygen has no access to meat during irradiation and 
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storage (Ahn & Lee, 2009). However, when oxygen is present, irradiation can accelerate lipid 
oxidation (Ahn et al., 1997). Sulfur compounds (e.g.: carbon disulfide, dimethyl sulfide, 
dimethyl trisulfide, dimethyl disulfide, etc.) play a more important role in the irradiation odor, 
but they are highly volatile and easily evaporated under aerobic conditions during storage. 
Unfortunately, if vacuum packaging is applied to irradiated meat, the sulfur compounds will 
stay in meat before opening it. Those sulfur compounds can cause unpleasant feeling for the 
consumers (Ahn, Nam, Du, & Jo, 2001).  
 
2.5 Nucleotides and nucleotides degradation products 
The catabolism of adenosine triphosphate (ATP) can provide a pool of flavor compounds 
and flavor precursors for meat (Haard, Simpson, & Pan, 1994). Zietara et al. (2004) found that 
adenine nucleotides can be converted to hypoxanthine in the following pathway in African 
catfish spermatozoa: 
ATPADPAMPAdenosine/IMPinosinehypoxanthine. 
IMP has been demonstrated to generate meat odor and taste both in model systems and 
sensory studies (Farmer, Hagan, & Paraskevas, 1996; Mottram, 1994). Sikorski & Kolakowski 
(2000) found that the quality of fish can be maintained as long as IMP is not depleted. However, 
when IMP is degraded into inosine and hypoxanthine by enzymes (Howgate, 2006; Aubourg 
et al., 2007),  inosine and hypoxanthine produced a  bitter taste (Özogul, Özden, Özoğul, & 
Erkan, 2010).  
The effect of irradiation on nucleotide degradation in poultry and seafood products also 
has been studied, but almost all these researches were focused on the application of irradiation 
to minimize the autolytic or microbial enzyme activities involved in nucleotide degradation  
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(Byun et al., 2000; Özogul et al., 2010). Little research has been done to elucidate the 
mechanism of nucleotides degradation by irradiation.  
In 1950-1960s, the resistance of purine derivatives to UV-irradaiton was investigated, 
and the results indicated that the character and position of the substituents in the heterocyclic 
ring is the key facotor for the resistance of purine derivatives to UV-irradaiton. Adenine, 
adenosine and adenylic acids are highly resistant to UV-irradiation (> 230 nm) (Canzanell, 
Guild, & Rapport, 1951; Kland & Johnson, 1957). However, when a carbonyl group is present 
in the purine ring, especially at C2 position, its sensitivity to UV-irradiaton increases 
(Kochetkov & Budovskii, 1972).  
 
 
3. Sensory Characteristics 
The changes of sensory characteristics in irradiated meat products are greatly influenced 
by irradiation doses, packaging and storage conditions. Off-odor can affect consumer 
acceptance of meat products negatively. As has been discussed previously, the off-odors in 
irradiated meat products are mainly from the sulfur compounds through the radiolysis of amino 
acid side chains and from aldehydes through the oxidation of fatty acids. However, little 
information on the mechanisms of taste changes in irradiated meat products is available.   
The possible methods to minimize the quality changes in meat products have been 
reported recently: (1) addition of protective compounds such as antioxidants/masking 
agents/in-package odor scavengers; (2) innovation of packaging methods. 
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Addition of antioxidants can reduce lipid oxidation in irradiated meat because 
antioxidants can donate hydrogen atoms to free radicals or quench free radicals (McClements 
& Decker, 2008). Ismail (2007) reported that using ascorbic acid in combination with α-
tocopherol and seasamol was effective in slowing down lipid oxidation as well as decreasing 
off-odor. Garlic and onion are spices widely used to enhance the flavor of meat products 
because they contain high amounts of phenolic and sulfur compounds (Griffiths, Trueman, 
Crowther, Thomas, & Smith, 2002). Moreover, some sulfur compounds in garlic and onion 
(e.g.: diallyl sulfide, diallyl trisulfide and dimethyl disulfide) can mask off-odor in irradiated 
meat. Therefore, addition of garlic or onion to the raw meat products before irradiation can 
minimize the negative effect of irradiation (Yang et al., 2011). Adding in-package odor 
scavengers into the vacuum-packaging bags can reduce irradiation off-odor because majority 
of the off-odor can be absorbed in the odor scavengers (unpublished data). 
Packaging plays an important role to maintain the quality of meat products. Under 
vacuum-packaging conditions, lipid/protein oxidation could be minimized because no oxygen 
is available. However, irradiating meat under vacuum-packaging conditions, the newly formed 
volatile compounds, usually off-odor volatiles, will remain in the bags with the meat and lower 
consumers acceptance. Nam & Ahn (2003) developed a new packaging method, namely 
“double-packaging”. The meat sample was packaged in oxygen-permeable bags first, then a 
batch of meat samples were re-packaged in an bigger oxygen impermeable bag for irradiation 
processing. The outer vacuum packaging bag was removed 1-2 days before displaying the 
products on the shelf, which helps eliminating the off-odor volatiles. The results indicated that 
using double-packaging for irradiated cooked or raw meat can decrease the lipid oxidation and 
off-odor volatiles significantly.  
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Trained sensory panels are used to carry out the sensory evaluation in food products. 
However, this conventional technique has some drawbacks: inconsistent results, poor 
reproducibility, difficulty in training panelists, high cost, and fatigue of the panelists during 
testing (Meilgaard et al., 2007). Because of these reasons, electronic tongue is considered as a 
promising alternative tool or compulsory tool for the trained sensory panel tests. The electronic 
tongue is a robotic system, which is installed as an array of sensors. Those sensors have good 
reproducibility with low detection limits and high sensitivity for screening the taste attributes 
of foodstuffs (Woertz, Tissen, Kleinebudde, & Breitkreutz, 2010). During the past decade, 
electronic tongue has been applied in many food systems including beverages (Fujita et al., 
2010) and meat (Zhang et al., 2015). By measuring the potential changes of working electrodes 
to reference electrode in zero-current conditions, the molecules in the solution can change the 
potentials in the electrodes. Finally, the potential changes are compared with the sensor 
response of existing matrix in a database (Ciosek & Wróblewski, 2007; Latha & Lakshmi, 
2012).  
 
4. Summary 
Even though the irradiation has been developed for more than 70 years, its application 
on meat products is still very limited. According to the literature review, most of the works 
have been done in raw meat instead of cooked meat because irradiation of cooked meat is still 
not allowed. Meanwhile, the relationships between the quality-related parameters with sensory 
characteristic are still unknown. Therefore, more work should be done to minimize the effects 
of irradiation on the odor, taste and color changes of cooked and processed meat products.  
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Fig. 1. Production of volatiles from sulfur amino acids by irradiation 
Adopted from Ahn et al. (2016b). Radiation Physics and Chemistry 119:80-84. 
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Table 1 Oxidation products of amino acid residue side chains 
Amino acid residues Oxidation products 
Arginine γ -Glutamyl semialdehyde 
Cysteine  Disulfides, cysteic acid 
Glutamic acid  Oxalic acid, pyruvate adducts 
Histidine  Aspartate, asparagines, oxo-histidine 
Leucine   3-, 4-, and 5-hydroxyleucine 
Lysine α-Aminoadipic semialdehyde 
Methionine  Methionine sulfoxide, methionine sulfone 
Phenylalanine 2-,3-,4-Hydroxyphenylalanine, 
 3,4-dihydroxyphenylalanine 
Proline Glutamic semialdehyde, 4- and 
 5-hydroxyproline pyroglutamic acid, 
 2-pyrrolidone 
Threonine 2-Amino-3-ketobutyric acid 
Tryptophan  2-,4-,5-,6-, and 7-Hydroxytryptophan, 
 formylkynurenine, 3-hydroxykynurenine, 
 kynurenine, and nitrotryptophan 
Tyrosine 3,4-Dihydroxyphenylalanine, 3-nitrotyrosine, 
 tyrosine–tyrosine cross-linkages and 
 tyrosine-oxygen-tyrosine 
 
Adopted from Zhang, W., Xiao, S., & Ahn, D. U. (2013). Critical Reviews in Food Science and Nutrition 
53(11), 1191–201.  
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CHAPTER 3. EFFECT OF IRRADIATION ON THE PARAMETERS THAT 
INFLUENCE QUALITY CHARACTERISTICS OF RAW TURKEY BREAST MEAT 
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Abstract 
This study was designed to elucidate the mechanisms of quality changes in raw turkey 
breast meat by irradiation. Raw turkey breast meat was irradiated at 0 kGy, 1.5 kGy, 3.0 kGy 
and 4.5 kGy, and changes in quality parameters including color, lipid and protein oxidation, 
and off-odor volatiles were determined. Irradiation accelerated lipid and protein oxidation, and 
increased redness in raw turkey breast meat. However, irradiation had less effect on the volatile 
profiles of salt-soluble muscle extract than water-soluble muscle extract because the primary 
radiolytic product from water (hydroxyl radical) had higher chances to react with the water-
soluble molecules nearby. The radiolytic degradation products from sulfur-containing amino 
acids and aldehydes from lipid oxidation were two major volatile compounds responsible for 
the off-odor of irradiated raw turkey breast meat. Dimethyl disulfide was found only in 
irradiated raw turkey breast meat, and the amount of dimethyl disulfide linearly increased as 
the irradiation dose increased, indicating this compound can be used as a marker for flavor 
changes in irradiated meat. 
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Introduction 
Irradiation is considered one of the most effective methods to eliminate potential 
pathogens and extend the shelf life of meat (Delincée, 1998; Diehl, 2002). However, irradiation 
breaks water molecules in meat and produces various products including hydroxyl radicals, 
hydrogen atoms (H+) and aqueous electrons (eaq-) (Simic, 1983; Thakur and Singh, 1994) and 
modifies the oxidation-reduction environment within meat (Xiao et al., 2011). 
Oxidative deterioration is a major factor that causes quality loss in muscle food products. 
It also causes economic loss to processors, nutrient losses to the products, and health risks to 
the consumers (Jensen et al., 1997). Different meat categories have different resistance to 
oxidative deteriorations. Fresh muscle tissues have endogenous antioxidants such as 
antioxidant enzymes (catalase, glutathione peroxidase, and superoxide dismutase) to control 
the oxidative process in vivo, but their antioxidant activities diminish as the time postmortem 
increases (Xiong, 2000).  
Protein (19%) and lipid (2.5%) are the major components of meat and meat products 
besides water. Muscle protein are generally classified into myofibrillar (salt-soluble), 
sarcoplasmic (water-soluble), or stromal (insoluble) proteins, while lipids include neutral lipid, 
phospholipids, free fatty acids and fat-soluble substances (Lawrie and Ledward, 2006). All 
meat products produce characteristic irradiation odor such as “hot fat”, “burned oil”, “burned 
feathers”, “bloody and sweet”, or “barbecued corn-like” odor after irradiation (Hashim et al., 
1995; Heath et al., 1990; O’Bryan et al., 2008). Although, sulfur compounds are known as the 
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key volatile compounds to irradiation odor, the perception of irradiation odor changes greatly 
depending on the composition and amounts of volatile compounds present in the samples. This 
indicates the composition of the volatiles generated in the protein and lipid portion of meat or 
a result of products formed by the interactions between fat and protein during and after 
irradiation could be important for the characteristics of irradiation odor (Ahn and Lee, 2002). 
Irradiation also increases redness in light meats by producing carbon monoxide, which binds 
to myoglobin as a sixth ligand (Nam and Ahn, 2002a). However, the meat components 
responsible for color changes and off-odor production irradiation odor have not been studied 
in detail. Moreover, the interactions between lipid and protein oxidation in off-odor production 
in irradiated meat are still unknown.  
The objectives of this study were to 1) evaluate the effect of irradiation on the color and 
off-odor volatiles of raw turkey breast meat, 2) determine whether water-soluble or salt-soluble 
muscle fractions are more susceptible to radiolytic degradation and what types of changes are 
taking place in each of the fractions, 3) determine the effect of irradiation on the production of 
volatiles from meat lipids using an oil emulsion model system, and 4) elucidate the 
mechanisms of color changes and off-odor production in raw turkey breast meat by irradiation. 
 
Materials and Methods 
Sample preparation 
Meat samples: Raw turkey breast meat was purchased from a local grocery store and 50-
g pieces were individually packaged in vacuum bags (nylon/polyethylene vacuum bags, 9.3 ml 
O2/ m2/24h at 0 °C; Koch, Kansas City, MO).  
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Muscle extracts: Raw turkey breast meat was chopped to small pieces and homogenized 
with 4 volumes of distilled water in a Waring blender for 1 minute to extract water-soluble 
components of meat. The homogenate was centrifuged at 3,500 x g for 30 minutes and the 
supernatant was collected. The precipitant was re-extracted with 4 volumes of water and 
centrifuged as above. The supernatants were pooled and used as a water-soluble fraction 
(sarcoplasmic proteins) of muscle. The resulting precipitant was homogenized with 4 volumes 
of 3.5% NaCl solution to extract myofibrillar proteins twice as in water-soluble fraction and 
the pooled supernatants were used as a salt-soluble fraction of muscle. 
Oil emulsion model system: An oil emulsion was prepared by blending corn oil (1 mL, 
Sigma) with 100 mL distilled water. Antioxidant (BHA at 0.02% of oil) was added to the oil 
emulsion to prevent oxidative changes during preparation. All the model system solutions were 
then transferred to FalconTM Conical centrifuge tubes, and the headspace was flushed with 
nitrogen gas for 5 sec to minimize oxidation.  
 
Irradiation  
All packages of meat and liquid solutions were irradiated at four target dose levels (0, 
1.5, 3.0 and 4.5 kGy) using an electron beam accelerator (Titan Corp., San Diego, CA) with 
10 MeV energy and 5.6 kW power level at SADEX Corporation (Sioux City, Iowa). Alanine 
dosimeters were placed on the top and bottom surfaces of a package or tubes and read using 
an Electron Paramagnetic Resonance Instrument to check the absorbed dose. Following 
irradiation, packaged meat samples and solution were immediately placed in coolers with 
crushed ice and transported to our Lab and stored at 4 °C. Lipid oxidation, protein oxidation, 
color and volatiles were determined on the day of irradiation. 
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Lipid oxidation and protein oxidation  
Lipid oxidation was measured using the thiobarbituric acid reactive substances (TBARS) 
method of Wang et al. (2012). The amounts of TBARS were calculated as milligrams (mg) of 
malondialdehyde (MDA) per kilogram (kg−1) of meat. Protein oxidation was determined using 
the 2,4-dinitrophenylhydrazine (DNPH) derivatization method (Lund et al., 2008). The 
carbonyl content was calculated and expressed as nmoles per milligram of protein using an 
absorption coefficient of 22,000 M-1 cm-1 (Levine et al., 1994). 
 
Color measurement 
The color was measured using a Konica Minolta Color Meter (CR-410, Konica Minolta, 
Osaka, Japan). The colorimeter was calibrated using an illuminate source C (Average daylight) 
on a standard white ceramic tile covered with the same film as the ones used for meat samples 
to negate the color and light reflectance properties of the packaging material. The areas selected 
for color measurement were free from obvious defects that may affect the uniform color 
readings. When the color of water-soluble muscle fraction was measured, the colorimeter was 
calibrated with the ceramic tile, but a plastic container with 15 mL distilled water was located 
in the center of the tile to negate the color and light reflectance properties of the container 
materials and blank solution. Aluminum foil was used to cover around the colorimeter and 
containers to prevent interferences from other light sources. Fifteen milliliter of sample 
solution was transferred to an empty container for each color reading. The color was expressed 
as CIE L*-(lightness), a*-(redness), and b*-(yellowness) values. 
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Volatile compounds 
Volatiles of samples were analyzed using a Solatek 72 Multimatrix-Vial 
Autosampler/Sample Concentrator 3100 (Tekmar-Dohrmann, Cincinnati, OH, USA) 
connected to a GC/MS (Model 6890/5973; Hewlett-Packard Co., Wilmington, DE, USA) 
according to the method of Nam et al. (2007). Sample (raw meat: 3 g; solution: 2 mL) was 
placed in a 40 mL sample vial, flushed with nitrogen gas (40 psi) for 3 s, and then capped 
airtight with a Teflon*fluorocarbon resin/silicone septum (I-Chem Co., New Castle, DE, USA). 
The meat sample was purged with He (40 mL/min) for 12 min at 40 °C. Volatiles were trapped 
using a Tenax/charcoal/silica column (Tekmar-Dohrmann) and desorbed for 2 min at 225 °C, 
focused in a cryofocusing module (-80 °C), and then thermally desorbed into a column for 2 
min at 225 °C. An HP-624 column (7.5 m, 0.25 mm i.d., 1.4 m nominal), an HP-1 column 
(52.5 m, 0.25 mm i.d., 0.25 m nominal), and an HP-Wax column (7.5 m, 0.250 mm i.d., 0.25 
m nominal) were connected using zero dead-volume column connectors (J &W Scientific, 
Folsom, CA, USA). Ramped oven temperature was used to improve volatiles separation. The 
initial oven temperature of 25 °C was held for 5 min. After that, the oven temperature was 
increased to 50 °C at 5 °C per min, increased to 120 °C at 30 °C per min, increased to 160 °C 
at 15 °C per min and then increased to 200 °C at 5 °C per min held for 2 min at the temperature. 
Constant column pressure at 22.5 psi was maintained. The ionization potential of MS was 70 
eV, and the scan range was 20.1 to 350 m/z. The identification of volatiles was achieved by the 
Wiley Library (Hewlett-Packard Co.). The area of each peak was integrated using 
ChemStationTM software (Hewlett-Packard Co.) and the total peak area per 2 gram for raw 
meat and 2 mL for solutions was reported as an indicator of volatiles generated from the 
samples. 
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Statistical analysis 
Three packages of samples (replications) were used for each analysis and all the meats 
used in this study were from the same batch. Data were analyzed by the GLM procedure of 
SAS (SAS 9.4 software package 2013) for different treatments. The differences in the mean 
values were compared by Tukey’s multiple comparison method, and mean values and standard 
deviation were reported (P < 0.05). The cluster analysis was applied to samples using the 
Euclidian distance and centroid method by XLSTAT (2015). 
 
Results and Discussion 
Lipid oxidation, protein oxidation and color changes of turkey breast meat  
Increasing irradiation dose from 0 to 4.5 kGy increased lipid oxidation in raw turkey 
breast meat from 0.026 to 0.055 mg malonaldehyde per kilogram meat, while increasing 
irradiation from 3.0 to 4.5 kGy increased protein oxidation from 0.35 to 0.47 nmoles per mg 
protein (Table 1). This indicated that higher oxidative changes were found in proteins than 
lipids. The total amount of proteins is about 10 times higher than lipids in turkey breast meat 
(Lawrie and Ledward, 2006). Moreover, the radiolytic products of water molecules can not 
only oxidize amino acid side chains directly (Feng et al., 2016), but also can fragment the 
backbone of protein through the α-amidation pathway and β-scission (Zhang et al., 2013), 
which all attributes to the higher extent of oxidation in proteins than lipids.  
Color L*-values (lightness) were decreased but color a*-values (redness) were increased 
by irradiation (Table 1). The results are consistent with those of Nam and Ahn (2002 a) who 
reported a pink color formation in raw turkey breast meat. They reported that the pink color 
was due to the formation of heme pigment-CO complex in irradiated meat. Even though a 
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significant decrease or increase in yellowness (b*-value) was found in all the irradiated turkey 
breast meat, the overall changes in yellowness were still minor (Table 1). The radiolytic 
degradation of water molecules produces oxidizing (hydroxyl radical) as well reducing 
compounds (aqueous electrons, hydrogen atoms) (Thakur and Singh, 1994). The hydroxyl 
radicals produced from water by ionizing radiation can easily convert myoglobin to 
metmyoglobin, or even can remove the ferric iron from heme and force it to become a catalyst 
to accelerate lipid oxidation (Min et al., 2010), while reducing compounds lowers oxidation-
reduction potential (ORP) of meat. Thus, depending upon the packaging conditions of meat, 
either oxidizing or reducing the conditions can prevail inside the meat during storage. 
Therefore, packaging of meat (availability of oxygen) can dramatically influence oxidative 
changes as well as color of meat during storage (Nam and Ahn, 2002a, b). If the oxidative 
power prevails inside the meat, heme pigments are in ferric form, which only allows a weak 
binding of a water molecule (charged-dipole interaction) to the sixth ligand of heme. Under 
the reducing conditions, however, the meat pigments are in ferrous form and O2, CO, and NO 
can form ligands with meat pigments (Judge et al., 1989).  
  
Protein oxidation and color changes of muscle extracts 
Irradiation significantly increased the protein oxidation in turkey muscle extracts: 0.87-
fold increase in water-soluble muscle extract and 2.7-fold increase in salt-soluble muscle 
extract were observed from 0 kGy to 4.5 kGy (Table 2). This result indicated that myofibrillar 
proteins are more susceptible to oxidation than sarcoplasmic proteins by irradiation. However, 
this result is opposite to that of Rowe et al. (2004) who found that total carbonyl content of 
myofibrillar proteins was lower than sarcoplasmic proteins at 0 day post-irradiation in early 
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postmortem beef. This difference in results could be attributed to different amino acid profiles 
in these two species (Xiong, 2000).   
The most distinctive color change in muscle extracts was redness: the color a*-value of 
water-soluble muscle extract changed from positive to negative values by irradiation. Lightness 
and yellowness also were changed by irradiation: the lightness was gradually decreased while 
an increase was found in yellowness (Table 3). Lee and Song (2002) reported that gamma-
irradiation of myoglobin solution caused the disruption of the ordered structure of the protein 
molecule and induced degradation, cross-linking and aggregation of polypeptide chains. 
Although, the formation of CO-heme pigment complex was confirmed by Nam and Ahn 
(2002a, b) in irradiated meat system, and the major source of carbon monoxide by irradiation 
as asparagine, glyceraldehydes, and phospholipids were also reported (Lee and Ahn, 2004), 
the color changes in meat extracts were different from meat system because 1) the formation 
of free radicals in the meat extracts by irradiation could be higher than the meat system, 2) 
there are much less amounts of the compounds for CO production in the water-soluble muscle 
extracts than in meat, and 3) the some of the heme pigments could have been denatured by the 
free radicals under the oxidizing environment during irradiation. 
 
Volatile profile of raw turkey breast meat  
Eight volatiles including 1 sulfur compound, 2 aldehydes, 1 ketone, 1 alcohol, 1 ester 
and 2 hydrocarbons were identified from the meat samples (Table 4). Among the quantified 
volatiles, dimethyl disulfide was the most distinctive one. Dimethyl disulfide was detected only 
in irradiated samples, and the amount of sulfur volatiles increased linearly as the irradiation 
dose increased (R2 = 0.9808). Fan et al. (2002) and Jo and Ahn (2000) found that sulfur 
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compounds were mainly responsible for the irradiation off-odor because the threshold of sulfur 
compounds was much lower than other volatile compounds, and the odor intensity of sulfur 
compounds was much stronger and stringent even at very low levels. The formation of 
dimethyl disulfide from methionine had been confirmed by Feng et al. (2016) who used 
methionine methyl ester as a source of methionine as shown in graphical abstract.  
Pentanal and hexanal were the two aldehydes detected in irradiated raw turkey breast 
meat at 4.5 kGy. Muguerza et al. (2003) reported that the amount of hexanal was highly 
correlated to the degree of oxidation in meat. Table 1, a great increase of lipid oxidation was 
observed when the meats were irradiated at 3.0 to 4.5 kGy, which is in agreement with this 
claim.  
Ketonic decarboxylation is the major pathway to produce ketone by converting two 
carboxylic acids upon heating (Renz, 2005). No ketones was detected in the control group, 
therefore, 2-butanone in irradiated samples could have been produced through the secondary 
reactions of carboxylic acid after irradiation (Martins et al., 2000).  
Alcohol is usually considered as an intermediate of aldehydes and acids. The amount of 
2-propanol increased as the irradiation dose increased, indicating some possible pathways to 
produce alcohol: 1) reduction of aldehydes by free hydrogen (McMurry, 2004); or 2) direct 
cleavage from the carbon chains of fatty acids and then reaction with hydroxyl radicals (Brewer, 
2009). Two hydrocarbons were found in the turkey meat products: dihydro-2-methyl-3(2H)-
furanone was detected in control group but disappeared after irradiation. Octane was found in 
both irradiated and nonirradiated meat, and increased significantly after irradiating at 4.5 kGy.  
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Volatile profiles of model systems  
Sixteen volatile compounds were detected in turkey muscle extracts (Table 5). A linear 
increase of dimethyl disulfide also was found in muscle extracts, which agreed with the results 
of meat systems. However, aldehydes (such as 3-methyl-butanal), which were detected in salt-
soluble muscle extract before irradiation, disappeared after 3.0 kGy irradiation. This could be 
attributed to the formation of much higher concentration of free radicals in model system than 
the meat systems. However, the trend of changes in ketones in muscle extracts were the same 
as that in meat systems. Also, the changes of hydrocarbons in muscle extracts as well as meat 
systems were small. 
From the oil emulsion system, 4 alcohols, 3 aldehydes, 4 ketones, and 3 hydrocarbons 
were identified (Table 6). 2-Methyl-2-butanol and 3-methyl-1-butanol were detected in the 
nonirradiated sample, but they were either isomerized to other alcohols, aldehydes or ketones 
through redox reactions after irradiation. Two aldehydes, butanal and hexanal, were found in 
the nonirradiated oil emulsion sample, but butanal disappeared after irradiation. The amount 
of hexanal in the oil emulsion model system increased linearly as the irradiation dose increased, 
which agreed with Brewer (2009) who proposed a lipid oxidation pathway initiated by 
irradiation free radicals. Most of the ketones, except for 3-pentanone, in oil emulsion system 
were newly produced because of the secondary reactions of carboxylic acid by irradiation (Ahn 
et al., 2016). 
 
Cluster analysis 
The raw turkey breast meat, oil emulsion and water-/salt- soluble muscle extracts were 
separated into 5 groups by cluster analysis based on their volatile profiles (Fig. 1). The 
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irradiated raw turkey breast meat under low-dose irradiation (≤ 1.5 kGy) had similar volatile 
profiles as the irradiated oil emulsions. However, as the irradiation dose increased, the volatile 
profile of irradiated raw turkey breast meat became similar to that of the water-soluble muscle 
extracts. Figure 1 indicated that irradiation had less effect on the volatile profiles of salt-soluble 
muscle extract than water-soluble muscle extract, which is inconsistent with the result of 
protein oxidation in muscle extracts (Table 2). During irradiation, the first target of highly 
energized electrons is water molecules and produces the primary radiolytic product, hydroxyl 
radical, and large molecules and compounds nearby (e.g.: sarcoplasmic proteins) have a greater 
probability of being affected (Diehl, 1995). In addition, several major pathways to generate 
protein carbonyls in meat proteins, including fragmentation of backbones through the α-
amidation pathway and β-scission (Zhang et al., 2013), direct oxidation of amino acid side 
chains (Amici et al., 1989), and addition of reactive carbonyl derivatives (Decker et al., 2000) 
were reported. Therefore, it can be deduced that different protein oxidation reactions were 
occurred in muscle fractions: the fragmentation of backbone is more frequently occurred in 
myofibrillar proteins, while direct oxidation of amino acid side chains should be easier in 
sarcoplasmic proteins. 
 
Conclusion 
Irradiation can change the oxidation-reduction potential of meat by producing various 
products from water molecules. After irradiation, significant increases in lipid oxidation, 
protein oxidation and redness was found in raw turkey breast meat. Irradiation had less effect 
on the volatile profiles of salt-soluble muscle extract than water-soluble muscle extract because 
the primary radiolytic product from water, hydroxyl radical, is easy to react with large water-
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soluble molecules nearby. All irradiated meat produced detectable irradiation odor: the 
radiolytic degradation products from sulfur-containing group amino acids, and the aldehydes 
from lipid oxidation degradation products were the two major products responsible for off-
odor of irradiated meat. Dimethyl disulfide was a unique volatile compound of irradiated raw 
turkey breast meat products, and thus can be used as a marker for irradiated meat products. 
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Table 1 Lipid oxidation, protein oxidation and color of irradiated raw turkey breast 
meat  
 0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
Lipid oxidation1: 0.026b 0.037ab 0.043ab 0.055a 0.004 
Protein oxidation2: 0.35b 0.35b 0.36b 0.47a 0.003 
Color:      
 L*-value:  56.57a 56.93a 56.34a 54.96b 0.15 
 a*-value:  9.05d 10.76c 12.62b 15.52a 0.19 
b*-value:  4.11b 5.30a 5.52a 5.32a 0.07 
 
a,b,c,d Means with different letters within a row differ significantly (P<0.05). n = 3. 
1 Thiobarbituric acid reactive substances (TBARS) (mg malonaldehyde/kg meat) 
2 Carbonyl content (nmoles/mg protein) 
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Table 2 Effect of irradiation on protein oxidation of water- and salt-soluble muscle 
extracts from raw turkey breast meat  
  0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
 -------- Carbonyl content (nmoles/mg protein) ----------  
Water extract 2.08c 2.20c 3.48b 3.89a 0.02 
Salt extract 1.23d 2.39c 4.32b 4.57a 0.01 
 
a,b,c,d Means with different letters within a row differ significantly (P<0.05). n = 3. 
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Table 3 Effect of irradiation on the color of water-soluble muscle extract from raw 
turkey breast meat  
 0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
L*-value: 73.00a 72.74b 73.20a 72.51b 0.04 
a*-value: 0.37a 0.00b -0.25c -0.37d 0.01 
b*-value: 2.34d 2.90c 4.06a 4.44a 0.01 
 
a,b,c,d Means with different letters within a row differ significantly (P<0.05). n = 3. 
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Table 4 Effect of irradiation on the volatile profiles of irradiated raw turkey breast 
meat  
   0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
 Total ion counts × 10 4  
Sulfur compounds      
Dimethyl disulfide  0d 4343c 9496b 17311a 594 
      
Aldehydes      
Pentanal 0b 0b 0b 242a 22 
Hexanal 0b 0b 0b 277a 2 
      
Ketones      
2-Butanone 0d 738b 491c 1119a 27 
      
Alcohols      
2-Propanol 0c 0c 2552b 3459a 37 
      
Ester      
Ethyl acetate 658a 0b 0b 0b 17 
      
Hydrocarbons      
Dihydro-2-methyl-3(2H)-furanone 962a 0b 0b 0b 3 
Octane  283b 312b 313b 656a 25 
 
a,b,c Means within a row with no common superscript differ significantly (P<0.05). n = 3. 
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Table 5 Effect of irradiation on the volatile profiles of irradiated water- and salt- muscle 
extracts from raw turkey breast meat 
  Water-soluble muscle extract   Salt-soluble muscle extract   
Volatiles 0 kGy 1.5 kGy 3.0 kGy 4.5 kGy  0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
 ---------------------------------------- Total ion counts × 10
4 -------------------------------------------  
Sulfur compounds           
  Dimethyl disulfide 0d 589c 1299b 1864a  0d 1021b 1421c 1752a 21 
           
Aldehydes           
  3-Methyl-butanal 0b 0b 0b 293a  66b 263a 0c 0c 2 
  Pentanal 0c 96b 322a 0c  610b 501b 772a 271b 2 
  Hexanal 0b 0b 526a 0b  4485b 5294a 5313a 4444b 36 
  Heptanal 159a 0b 0b 0b  -- -- -- -- 9 
           
Ketones           
  2-Propanone 0b 2215a 2446a 2330a  0c 1055b 2114a 2317a 56 
  2-Butanone 3787c 5645b 10702a 10054a  0c 4150a 2826b 2614b 66 
  2-Pentanone 627b 817a 889a 905a  0c 1285a 0c 1108b 9 
           
Benzene derivatives           
  Toluene 385a 0b 0b 0b  406a 0c 0c 289b 3 
           
Hydrocarbons           
  2,2-Dimethyl-butane -- -- -- --  927a 0b 0b 0b 9 
  2,3,3-Trimethyl-pentane 888b 1360a 717bc 562c  1462a 1364a 1364a 1347a 41 
  2,3-Dimethyl-hexane 0b 221a 0b 0b  197a 0b 0b 0b 2 
  2,3,5T-hexane -- -- -- --  93a 0b 0b 0b 2 
  4-Methyl-heptane 394a 243b 194c 195c  372a 304a 363a 216b 6 
  2,4-Dimethyl-1-heptene 710a 496b 390b 393b  661a 466ab 486ab 258b 20 
  Octane  0b 0b 186a 0b   0b 0b 1319a 0b 8 
 
a,b,c,d Means within a row with no common superscript differ significantly (P<0.05). n = 3. 
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Table 6 Effect of irradiation on the volatile profiles of oil emulsion 
Volatiles  0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
 ---------------------- Total ion counts × 104----------------------  
Alcohols      
  2-Methyl-2-butanol 209a 96b 0c 0c 6 
  3-Methyl-1-butanol 28a 0b 0b 0b 1 
  2-Methyl-2-buten-1-ol 0b 0b 84a 97a 4 
  3-Pentanol  0b 713a 0b 0b 12 
      
Aldehydes      
  2,2-Dimethyl-propanal 0b 239a 240a 217a 5 
  Butanal  163a 0b 0b 0b 7 
  Hexanal  54c 237b 242b 417a 7 
      
Ketones      
  2-Propanone 0b 0b 0b 439a 2 
  2-Butanone  0b 274a 0b 0b 8 
  3,3-Dimethyl-2-butanone 0b 0b 0b 84a 1 
  3-Pentanone 50c 102b 494a 0d 3 
      
Hydrocarbons      
  2-Pentene  33a 0b 0b 0b 1 
  Hexane  35a 0b 0b 0b 2 
  2,4-Dimethyl-1-heptene  57a 0b 0b 0b 7 
 
a,b,c,d Means within a row with no common superscript differ significantly (P<0.05). n = 3. 
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Fig. 1. Dendrogram of cluster analysis for volatile compounds of four irradiation doses 
on the raw turkey breast meat, oil emulsion and water-/salt-soluble muscle extracts 
(n=3) 1 
1 R: raw turkey breast meat; O: oil emulsion; W: water-soluble muscle extract; S: salt-soluble muscle 
extract. 
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Graphical abstract: 
 
Mechanisms of color changes and off-odor production in raw turkey breast meat by 
irradiation  
1 Myoglobin degradation is mainly occurred in the water extracts of raw turkey breast muscle. 
 
 
 
 
 
 
 
 
59 
 
CHAPTER 4. EFFECT OF IRRADIATION ON THE PARAMETERS THAT 
INFLUENCE QUALITY CHARACTERISTICS OF UNCURED AND CURED 
COOKED TURKEY MEAT PRODUCTS 
 
A paper published in Poultry Science, 2016, 00: 1-7 
 
Xi Feng, Sun Hee Moon, Hyun Yong Lee, and Dong Uk Ahn* 
 
Department of Animal Science, Iowa State University, Ames, Iowa, 50010, United States 
 
Abstract 
The objective of this study was to evaluate the effect of irradiation on lipid/protein 
oxidation, color changes and off-odor volatiles production in uncured and cured cooked turkey 
meat products. Uncured cooked turkey breast meat and cured commercial turkey breast rolls 
and ham were prepared and irradiated at 0, 1.5, 3.0 and 4.5 kGy using a linear accelerator. The 
results showed that irradiation had little effects on lipid oxidation of cured cooked turkey 
products, but accelerated lipid oxidation in uncured cooked turkey breast meat (P<0.05). 
Protein oxidation was increased both in cured and uncured meats (P<0.05), but more in cured 
cooked meat by irradiation. The redness of uncured cooked turkey was increased (P<0.05), but 
the redness of cured cooked turkey meat was faded by irradiation (P<0.05). Irradiated cured 
cooked turkey meat products produced less off-odor volatile compounds (dimethyl disulfide, 
3-methyl/2-methyl-butananl, and hexanal) than irradiated uncured cooked meat products due 
to various additives in the cured meat products. Our results suggested that irradiation resulted 
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in different chemical reactions to pigments in uncured and cured cooked turkey meat products, 
but cured cooked turkey meat products have a higher tolerance to odor deterioration than 
uncured cooked turkey meat products. 
 
Keywords 
Irradiation, lipid oxidation, protein oxidation, color changes, volatile compounds,  
 
Introduction 
Because of frequent listeriosis outbreaks and product recalls, the control of Listeria 
monocytogenes in processed ready-to-eat (RTE) turkey meats has gained urgency (CDC, 
2015). Irradiation is an effective method to decrease or eliminate potential pathogens in meat 
(Delincée, 1998; Diehl, 2002). However, the chemical and biochemical reactions with free 
radicals produced by irradiation results in modification of the oxidation-reduction environment 
within meat products, and accelerates lipid oxidation, protein oxidation, off-odor (Xiao et al., 
2011), and alters meat color (Nam and Ahn, 2002).  
     Different meat categories have varying tolerance to oxidative deterioration. Ahn et 
al. (1992) reported that cooked meat is more susceptible to oxidation than raw meat because 
the phospholipids in muscle cell membranes are damaged and antioxidant enzymes are 
denatured during cooking. Houser et al. (2005) and Zhu et al. (2004 a; b) found that cured meat 
products are more resistant to oxidative deteriorations than uncured meat products because the 
nitrite added in cured meat products has a strong antioxidant ability (Lee and Ahn, 2011). With 
the approval of irradiation to improve the safety of poultry meat, concerns have been raised 
about the negative effects of irradiation on meat quality, which include lipid oxidation, protein 
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oxidation, color and odor. However, the differences in lipid/protein oxidation, color changes 
and volatile compounds between irradiated uncured and cured cooked turkey meat are not clear 
yet.  
The objective of this study was to evaluate the effect of irradiation on lipid/protein 
oxidation, color and off-odor volatiles in the two different turkey meat categories, uncured and 
cured cooked turkey meats. 
 
Materials and Methods 
Sample preparation 
Two different turkey meat categories were prepared: uncured cooked turkey breast meat, 
and cured cooked turkey meat products (sliced turkey breast rolls and sliced turkey ham). 
Samples were purchased from a local grocery store. The ingredients of turkey breast rolls 
include turkey breast, water, modified cornstarch, salt, sugar, sodium phosphates, carrageenan, 
sodium propionate, potassium chloride, sodium diacetate, sodium benzoate, lemon juice solids, 
sodium ascorbate and sodium nitrite. The ingredients of turkey ham include turkey, water salt, 
vinegar, dextrose, sugar, sodium phosphates, sodium erythorbate and sodium nitrite. The raw 
turkey breast meat (approximately 66 g each), sliced turkey breast roll and sliced turkey ham 
(approximately 50 g each) were individually vacuum-packaged in vacuum bags 
(nylon/polyethylene vacuum bags, 9.3 ml O2/ m2/24h at 0 °C; Koch, Kansas City, MO). For 
uncured cooked turkey breast meat, raw turkey breast meat samples were vacuum-packaged in 
nylon-polyethylene bags and then cooked. Cooking was done in an 85 °C water bath to an 
internal temperature of 75 °C. The uncured cooked turkey breast meats were repackaged in 
oxygen-impermeable bags after draining meat juices (Kwon et al., 2011).  
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Irradiation  
The packaged meats were irradiated at four target dose levels (0, 1.5, 3.0 and 4.5 kGy) 
using an electron beam accelerator (Titan Corp., San Diego, CA) with 10 MeV energy and 5.6 
kW power level at SADEX Corporation (Sioux City, Iowa). Alanine dosimeters were placed 
on the top and bottom surfaces of a package and read using an Electron Paramagnetic 
Resonance Instrument (Bruker Instruments Inc., Billerica, MA) to check the absorbed dose. 
Following irradiation, packaged meat samples were immediately placed in coolers with 
crushed ice and transported to the laboratory and stored at 4 °C. Lipid oxidation, protein 
oxidation, color and volatiles were determined within 24 h after irradiation. 
 
Lipid oxidation and protein oxidation  
Lipid oxidation was measured using the thiobarbituric acid reactive substances (TBARS) 
method of Wang et al. (2012). The amounts of TBARS were calculated as milligrams (mg) of 
malondialdehyde (MDA) per kilogram (kg−1) of meat. Protein carbonyl content was 
determined using the 2,4-dinitrophenylhydrazine (DNPH) derivatization method (Lund et al., 
2008). The carbonyl content was calculated as nmoles per milligram of protein using an 
absorption coefficient of 22,000M-1 cm-1 (Levine et al., 1994). 
 
Color measurement 
The color was measured using a Konica Minolta Color Meter (CR-410, Konica Minolta, 
Osaka, Japan). The colorimeter was calibrated using an illuminate source C (average day light) 
on a standard white ceramic tile covered with the same film (nylon/polyethylene vacuum bags, 
9.3 ml O2/ m2/24h at 0 °C; Koch, Kansas City, MO) as the ones used for meat samples to 
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negate the color and light reflectance properties of the packaging material. The areas selected 
for color measurement were free from obvious defects that may affect the uniform color 
readings. The color was expressed as CIE L*-(lightness), a*-(redness), and b*-(yellowness) 
values. 
 
Volatile compounds 
Volatiles of samples were analyzed using a Solatek 72 Multimatrix-Vial 
Autosampler/Sample Concentrator 3100 (Tekmar-Dohrmann, Cincinnati, OH, USA) 
connected to a GC/MS (Model 6890/5973; Hewlett-Packard Co., Wilmington, DE, USA) 
according to the method of Nam et al. (2007). Sample (2 g) was placed in a 40 mL sample vial, 
flushed with nitrogen gas (40 psi) for 3 s, and then capped airtight with a Teflon*fluorocarbon 
resin/silicone septum (I-Chem Co., New Castle, DE, USA). The meat sample was purged with 
He (40 mL/min) for 12 min at 40 °C. Volatiles were trapped using a Tenax/charcoal/silica 
column (Tekmar-Dohrmann) and desorbed for 2 min at 225 °C, focused in a cryofocusing 
module (-80 °C), and then thermally desorbed into a column for 2 min at 225 °C. An HP-624 
column (7.5 m, 0.25 mm i.d., 1.4 m nominal), an HP-1 column (52.5 m, 0.25 mm i.d., 0.25 
m nominal), and an HP-Wax column (7.5 m, 0.250 mm i.d., 0.25 m nominal) were 
connected using zero dead-volume column connectors (J &W Scientific, Folsom, CA, USA). 
Ramped oven temperature was used to improve volatiles separation. The initial oven 
temperature of 25 °C was held for 5 min. After that, the oven temperature was increased to 
50 °C at 5 °C per min, to 120 °C at 30 °C per min, to 160 °C at 15 °C per min, finally to 200 °C 
at 5 °C per min held for 2 min at the temperature. Constant column pressure at 22.5 psi was 
maintained. The ionization potential of MS was 70 eV, and the scan range was 20.1 to 350 m/z. 
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The identification of volatiles was achieved by the Wiley Library (Hewlett-Packard Co.). The 
area of each peak was integrated using ChemStationTM software (Hewlett-Packard Co.) and 
the total peak area was reported as an indicator of volatiles generated from the samples. 
 
Statistical analysis 
Three packages of samples (replications) were used for each analysis. Data were 
analyzed by the GLM procedure of SAS (SAS 9.4 software package 2013) for different 
treatments. The differences in the mean values were compared by Tukey’s multiple 
comparison method, and mean values and standard error mean were reported (P < 0.05). 
Principal component analysis was conducted in order to explore relationships between quality 
characteristics and turkey meat products under different irradiation doses using XLSTAT 
(2015). Two principal components, PC1 and PC2 were retained to determine treatment scores. 
 
Results and Discussion 
Lipid oxidation, protein oxidation and color changes in turkey meat 
Irradiation significantly increased the TBARS values (P < 0.05) of uncured cooked 
turkey meat: 41% increase of TBARS value from 0 to 3.0 kGy. However, a decrease of TBARS 
was observed at 4.5 kGy irradiation, which could be attributed to the radiation-induced 
degradation of malondialdehyde at higher irradiation dose (Zhu et al., 2004a; b). No significant 
difference in TBARS by irradiation was found in cured meat (Table 1). Cured meats are more 
resistant to oxidative changes than uncured meat products because nitric oxide from nitrite can 
stabilize the iron within the heme ring in myoglobin, and antioxidative nitroso- and nitrosyl 
compounds are also formed during curing process of meat (Sebranek, 2009).  
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A strong irradiation effects were observed for protein oxidation in all the meat products: 
23%, 19 % and 98 % increases of protein oxidation were found in uncured cooked turkey breast 
meat, turkey breast roll, and ham from 0 to 4.5 kGy-irradiation, respectively (Table 1). When 
irradiation was applied to lipid in cured cooked meat, iron in the heme ring was stabilized by 
nitric oxide. Therefore, no significant increase in lipid oxidation was observed before and after 
irradiation. However, irradiation not only can initiate oxidative reactions in protein molecules 
through fragmentation of backbones (Amici et al., 1989), but also oxidize amino side chains 
directly or add reactive carbonyl derivatives (Decker et al., 2000). Under these conditions, the 
protective effect of nitric oxide or residual nitrate/nitrite to protein oxidation became minor. 
For the color values, irradiation decreased the lightness (L*-value) in uncured cooked 
meat, but no significant difference was found in cured cooked meat products. Irradiation 
increased the redness (a*-value) in uncured cooked turkey breast meat as has been reported by 
Nam and Ahn (2002). They reported that the increased redness was due to the formation of 
CO-heme pigment complex in irradiated meat. A color fade (decrease in a*-value) was 
observed in cured meat products, which also was in agreement with the results of Houser et al. 
(2005) with cured hams: the possible detachment of nitric oxide from the cured pigment were 
due to radiolysis (Ahn et al., 2003). Even though a significant decrease or increase in 
yellowness (b*-value) was found in all the turkey meat products, except for cured turkey breast 
rolls, the overall changes in yellowness by irradiation were minor (Table 1). 
 
 Volatile profiles of turkey meat products 
Twenty-seven volatiles including 1 sulfur compound, 4 aldehydes, 2 ketones, 2 alcohols, 
2 benzene derivatives and 16 hydrocarbons were identified from the meat samples (Table 2). 
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Except for the uncured cooked turkey breast meat, dimethyl disulfide was only detected in 
irradiated samples, and the amount of the sulfur volatile increased linearly as the radiation dose 
increased (R2 = 0.9948, 0.9554 and 0.9035 for uncured cooked turkey breast, turkey breast roll 
and ham, respectively). Sulfur compounds were proven as the key volatiles for irradiation off-
odor in meat (Jo and Ahn, 2000; Fan et al., 2002) and the formation mechanism of dimethyl 
disulfide from the side chain of methionine also was confirmed (Feng et al., 2016). Kwon et 
al. (2012) also found similar results in irradiated sausages and suggested that dimethyl disulfide 
can be used as a potential marker for irradiated sausages because it was newly produced in 
irradiated meat and linearly increased with irradiation doses in cured meat products.  
3-Methyl butanal and 2-methyl butanal were newly produced in irradiated meat samples. 
Among the amino acids, the side chains of aliphatic amino acids (isoleucine and leucine) were 
highly susceptible to radiolytic attacks. Though the Strecker degradation of leucine and 
isoleucine, Strecker aldehydes containing one carbon less than the corresponding amino acid 
side chain was produced (Yaylayan, 2003; Resconi et al., 2013). However, hexanal was the 
most predominant aldehyde, especially in uncured cooked turkey meat. The amount of hexanal 
is highly correlated with the degree of oxidation in meat (Muguerza et al., 2003). This study 
also showed a high correlation coefficient (r = 0.824) between TBARS value and hexanal 
content in uncured cooked turkey breast meat. 
Through ketonic decarboxylation, two carboxylic acids can be converted to ketone under 
heating (Renz, 2005). Except for uncured cooked turkey meat, no ketone was detected in the 
control group. It was speculated that the ketones in irradiated cured meat could have been 
produced through the secondary reactions of carboxylic acid (Martins et al., 2000), while the  
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ketones in the uncured cooked turkey meat of the control group could have been formed during 
preparing samples.  
Alcohol is usually considered as an indicator for microbial growth in ready-to-eat meat 
products during storage (Zhu et al., 2004a). However, 2-propanol was detected in non-
irradiated cooked turkey breast roll and ham at 0 day, indicating that this volatile is a 
characteristic aroma compounds in cured meat even the amount of this compounds is minor. 
The amount of this volatile increased as the radiation dose increased. This result also suggests 
some possible pathways to produce alcohol in meat system: 1) direct cleavage from the carbon 
chains of fatty acids and then reaction with hydroxyl radicals to produce alcohol in irradiated 
meat (Brewer, 2009); 2) alcohol can be considered as an intermediate between aldehydes and 
acid during oxidation-reduction reactions (McMurry, 2004). 
Benzene and benzene derivatives were found in irradiated turkey breast rolls and ham, 
and in uncured cooked turkey breast meat before and after irradiation. Ahn et al. (2016) 
reported that the side chains of aromatic amino acids are the main source for benzene and 
benzene derivatives after irradiation (5.0 kGy) in aqueous model systems. Therefore, the 
benzene and benzene derivatives could be formed through the cleavage of the side chains of 
aromatic amino acids under heating or irradiation conditions.  
Sixteen hydrocarbons were found in the turkey meat products, and more diverse 
hydrocarbons were found in the cured meat products than the uncured ones. Octane is the only 
volatile detected in all the turkey meat products, and several volatiles whose carbon number 
was less than 8 such as 3,5-dimethyl-2-hexene, 2,3-dimethyl-3-hexene, 2,2,5-trimethyl-hexane, 
3-methyl-2-heptene, and 2,2-dimethyl-heptane were newly produced after irradiation. Some 
volatiles whose carbon chains (e.g.: 2,2,6-trimethyl-decane and beta-pinene) were longer than 
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carbon number eight also found in irradiated samples but not in non-irradiated ones. These 
results indicated that octane is a backbone to produce shorter or longer chain hydrocarbons 
(Figure 1). 
 
Principal component analysis 
Previous studies on quality characteristics in irradiated meat were interpreted by 
univariate data analysis (ANOVA), but principal component (PC) analysis provides a reduced-
dimension plot to visualize the contribution of those parameters to different categories of 
turkey meat under various doses (Figure 2). The first principal component (PC1) explained 
42.67 % and the second principal component (PC2) explained 17.89 % of the variations. The 
lower right quadrant of PC1 indicated that the major components contributing to the irradiated 
uncured cooked turkey breast meat (1.5 kGy and 3.0 kGy) were color (L* and b* value), lipid 
oxidation, aldehydes (pentanal and hexanal) and octane. Those attributes were clustered 
together in the irradiated uncured cooked turkey breast meat (1.5 kGy and 3.0 kGy), indicating 
that the amount of hexanal was highly correlated with the degree of lipid oxidation in meat. In 
contrast, octane derivates, benzene, 2-octene, 2-methyl-butanal, 3-methyl-butanal and 
dimethyl disulfide, which were located in near the positive axis of PC1 and PC2 (upper right 
quadrant), indicating that irradiated cooked turkey breast meat at 4.5 kGy was highly 
associated with the volatiles. Turkey breast roll and ham (<3.0 kGy) were grouped together in 
the left lower quadrant because of lower amount of volatile compounds and less extent of lipid 
and protein oxidation in those meat products. The differences between turkey breast roll and 
ham irradiated at < 3.0 kGy and those irradiated at ≥ 3.0 kGy were attributed to the higher  
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extent of protein oxidation, color fading, octane derivatives and the secondary reaction 
products (e.g.: 2-propanone) as the irradiation dose increased.   
 
Conclusion 
Irradiation can influence lipid oxidation or protein oxidation of meat, but lipid oxidation 
and protein oxidation have different tolerance to irradiation. Uncured cooked turkey meat was 
more sensitive to lipid oxidation than the cured ones because uncured cooked turkey meat does 
not have protection of nitric oxide to stabilize the iron in myoglobin. However, such protection 
effect was not found in protein oxidation. Because of different binding situations for carbon 
monoxide and nitric oxide with myoglobin between uncured and cured cooked meat, the color 
changes were moving opposite directions in those meats. Due to the protection of various 
additives in curing agent, cured cooked turkey meat products produced smaller amounts of off-
odor volatile compounds (dimethyl disulfide, 3-methyl/2-methyl-butananl, and hexanal) than 
the uncured cooked turkey meat products.   
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Table 1 Lipid oxidation, protein oxidation and color of irradiated turkey meat products  
 Uncured Cured  
 Cooked Breast rolls Ham SEM 
Lipid oxidation *: 
0 kGy 0.241 bx 0.179 ay 0.062 az 0.007 
1.5 kGy 0.274 bx 0.184 ay 0.066 az 0.003 
3.0 kGy 0.339 ax 0.187 ay 0.070 az 0.011 
4.5 kGy 0.180 cx 0.190 ax 0.073 ay 0.006 
SEM 0.007 0.003 < 0.001  
Protein oxidation †: 
0 kGy 0.87 bz 2.09 bx 1.39 cy 0.01 
1.5 kGy 0.97 abz 2.18 bx 1.54 cy 0.01 
3.0 kGy 0.96 abz 2.24 bx 2.02 by 0.01 
4.5 kGy 1.07 az 2.49 ay 2.75 ax 0.01 
SEM 0.02 0.02 0.02  
Color:     
 --------------------- L*-value --------------------- 
0 kGy 77.61 ax 62.55 ay 58.87 az 0.14 
1.5 kGy 76.01 abx 62.81 ay 56.93 bz 0.52 
3.0 kGy 76.64 abx 62.72 ay 58.35 az 0.38 
4.5 kGy 74.32 bx 62.47 ay 58.64 az 0.20 
SEM 0.41 0.09 0.08  
 --------------------- a*-value --------------------- 
0 kGy 4.23 dz 8.73 ay 14.14 ax 0.13 
1.5 kGy 5.25 cz 8.37 ay 14.49 ax 0.09 
3.0 kGy 6.00 bz 7.57 by 13.61 bx 0.10 
4.5 kGy 7.04 ay 6.99 by 13.48 bx 0.12 
SEM 0.08 0.10 0.04  
 --------------------- b*-value --------------------- 
0 kGy 11.43 ax 6.24 bz 7.92 ay 0.08 
1.5 kGy 12.05 ax 6.42 by 6.82 cy 0.09 
3.0 kGy 11.37 ax 6.77 abz 7.51 by 0.08 
4.5 kGy 11.71 ax 7.00 ay 7.39 by 0.08 
SEM 0.08 0.07 0.04  
 
a,b,c,d Means within a column under the same parameter with no common superscript differ significantly 
(P<0.05). n=3. 
x,y,z Means within a row with no common superscript differ significantly (P<0.05). n=3. 
* Thiobarbituric acid reactive substances (TBARS) (mg malonaldehyde/kg meat) 
† Carbonyl content (nmoles/ mg protein)  
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Table 2 Effect of irradiation on the volatile profiles of irradiated turkey meat products  
 Cooked  Rolls  Ham  
 0 kGy 1.5 kGy 3.0 kGy 4.5 kGy  0 kGy 1.5 kGy 3.0 kGy 4.5 kGy  0 kGy 1.5 kGy 3.0 kGy 4.5 kGy  
 Total ion counts×104 SEM 
Sulfur compounds                
 Dimethyl disulfide  762d 6292c 14323b 20118a  0c 492b 1326a 1528a  0c 154b 991a 1130a 158 
                
Aldehydes                
 3-methyl-butanal  0d 569c 1070b 1758a  0d 189c 330b 493a  0d 91c 256b 350a 10 
 2-methyl-butanal 0d 568c 1160b 1743a  0d 138c 242b 355a  0c 0c 198b 273a 8 
 Pentanal 1657b 2621a 2095ab 2604a  0c 161b 0c 260a  -- -- -- -- 39 
 Hexanal 18846a 20600a 21032a 19240a  0b 528a 224b 610a  0b 111ab 237a 278a 151 
 Sum 20503b 24359a 25356a 25345a  0d 1015b 796c 1717a  0c 203c 691b 901a 105 
                
Ketones                
 2-Propanone -- -- -- --  -- -- -- --  0b 0b 178a 0b 1 
 2-Butanone 1133b 1068b 1424ab 1497a  0b 0b 629a 0b  0b 0b 0b 974a 13 
 Sum 1133b 1068b 1424ab 1497a  0b 0b 629a 0b  0c 0c 178b 974a 13 
                
Alcohols                
 2-Propanol 0c 3680b 3095b 4637a  2094b 2112b 3242a 3646a  900ab 733b 954ab 1032a 45 
 1,2-Propanediol -- -- -- --  -- -- -- --  0b 0b 0b 966a 5 
 Sum 0c 3680b 3095b 4637a  2094b 2112b 3242a 3646a  900bc 733c 954b 1997a 40 
                
Benzene and benzene derivatives                
 Benzene  0b 0b 0b 1466a  0c 0c 678b 970a  -- -- -- -- 15 
 p-Xylene 288b 548a 284b 567a  0b 63a 64a 0b  0b 0b 77a 83a 6 
 Sum 288c 548b 284c 2033a  0c 63c 741b 970a  0b 0b 77a 83a 12 
                 
Hydrocarbons                
 2,3,3-trimethyl-pentane  726b 829b 0c 1111a  0b 0b 334a 0b  0c 0c 222a 127b 9 
 3,5-dimethyl-2-hexene  -- -- -- --  0b 0b 133a 0b  0b 0b 0b 85a 1 
 2,3-dimethyl-3-hexene  -- -- -- --  0b 105a 0b 0b  -- -- -- -- 4 
 2,2,5-trimethyl-hexane  -- -- -- --  0b 0b 177a 0b  0b 0b 0b 147a 3 
 2,2,5,5-tetramethyl-hexane 0b 780a 0b 707a  51b 173a 0c 0c  0b 0b 0b 155a 7 
 3-methyl-2-heptene  -- -- -- --  -- -- -- --  0c 0c 95a 82b 1 
 3-methylene-heptane  -- -- -- --  127a 0b 0b 0b  -- -- -- -- 0 
 2,2-dimethyl-heptane  -- -- -- --  -- -- -- --  0b 0b 125a 133a 3 
 3,3,5-trimethyl-heptane  0b 0b 0b 302a  0c 87b 153a 78b  47c 0d 82b 122a 1 
 1-Octene -- -- -- --  124b 158ab 366a 132b  146b 122b 174b 285a 4 
 2-Octene 0b 0b 0b 1797a  68b 152b 409a 107b  170b 118b 162b 255a 4 
 Octane  4146a 3142b 2782b 3008b  147b 187ab 240a 138b  125c 129bc 210b 314a 32 
7
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Table 2 (continued)  
 
 2,2-dimethyl-octane  566a 0b 0b 0b  0c 86b 280a 98b  88bc 0c 42b 207a 3 
 2,2,6-trimethyl-decane  -- -- -- --  0c 0c 316a 186b  0b 0b 129a 107a 4 
 2,5,6-trimethyl-decane  0b 0b 0b 833a  -- -- -- --  88a 0b 113a 0b 4 
 Beta-pinene 0b 0b 0b 584a  -- -- -- --  -- -- -- -- 2 
 Sum 6333b 4751c 2782d 8342a  517d 948b 2409a 740c  665c 369d 1355b 2019a 26 
 
a,b,c,d Means within a row under the same meat product with no common superscript differ significantly (P<0.05). n=3. 
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Figure 1. Conversion of octane to various volatiles by irradiation 
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Figure 2. Principal component (PC) analysis for lipid/protein oxidation, color and volatile compounds of irradiated turkey 
meat products 
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Abstract 
The degradation of nucleotides in cured ready-to-eat (RTE) as well as uncured raw and 
cooked turkey meat products by irradiation were determined to evaluate the potential impact 
of nucleotides on the taste changes in irradiated turkey meat. Four irradiation doses (0, 1.5, 3.0 
and 4.5 kGy) were applied to cured RTE and uncured turkey meat products, and the amounts 
of nucleotides and their degradation products were measured. Results showed that irradiation 
had a significant impact to the amount of nucleotides (adenosine diphosphate, adenosine 
monophosphate and inosine monophosphate) and the breakdown of these nucleotides (inosine 
and hypoxanthine) in uncured turkey meat when irradiated at < 3.0 kGy. However, significant 
decreases in inosine and hypoxanthine were observed when the uncured turkey meat were 
irradiated at > 3.0 kGy, which might attribute to uric acid and other compounds formation. The 
increase in K-value (the percentage of inosine and hypoxanthine over the total content of 
adenosine triphosphate) at lower irradiation dose in uncured cooked than raw turkey meat, 
which indicated that cooked meat is more susceptible to oxidation. But little effect was found 
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on the nucleotides and nucleotides degradation products in cured RTE turkey meat products 
because of the antioxidant effect of sodium nitrite. 
 
Keywords 
Irradiation, turkey products, nucleotides, nucleotide degradation products 
 
Introduction 
Irradiation is among the best methods to eliminate potential pathogens in meat products 
and prolong their shelf-life (Farkas, 2006). However, irradiation produces aqueous electron 
(eaq-) and hydroxyl radical (•OH) from water molecules in meat (Thakur & Singh, 1994) and 
can be involved in various reactions with amino acids, protein, lipids, vitamins, nucleotides 
and carbohydrates to form the off-odor volatiles and off-taste compounds in meat (Simic, 1983).  
The effect of irradiation on volatile production and taste changes in meat can vary 
depending upon fatty acid composition, protein content, amino acid composition, processing 
conditions used, and antioxidant content in meat. Ahn, Wolfe, Sim, & Kim (1992) reported that 
the phospholipid structure in muscle cell membranes are broken during cooking, and thus 
cooked meat are more sensitive to susceptible to oxidation-reduction environment changes 
than raw meat. Zhu et al. (2004 a; b & 2005) and Houser et al. (2005) found that cured ready-
to-eat meat products have stronger resistances to oxidative changes than uncured meat products 
because nitrite serves as a strong antioxidant in cured meat products.  
The degradation pathway of adenosine triphosphate (ATP) that generates intermediate 
compounds including adenosine diphosphate (ADP), adenosine monophosphate (AMP), 
inosine monophosphate (IMP), inosine (INO) and hypoxanthine (Hx) in muscle has been 
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extensively documented (Aliani, Farmer, Kennedy, Moss, & Gordon, 2013). The role of IMP 
for the generation of meat odor and flavor has been demonstrated both in model system and 
taste sensory studies (Lawrie & Ledward, 2006): Sikorski & Kolakowski (2000) reported that 
the quality of fish could be maintained as long as IMP is not depleted. However, IMP can be 
degraded into inosine and hypoxanthine by enzymes ( Howgate, 2006; Aubourg et al., 2007). 
Once inosine and hypoxanthine are formed, they can produce bitter taste, and thus they are 
regarded as contributors to off-flavor (Özogul, Özden, Özoğul, & Erkan, 2010).  
The effects of irradiation on nucleotide degradation in seafood and poultry products have 
been studied. However, all those studies were focused on how to minimize or eliminate the 
autolytic or microbial enzymes that are involved in nucleotide degradation using irradiation, 
and no research was done to determine nucleotides degradation or elucidate the mechanism of 
nucleotides degradation by irradiation. The objectives of this study were to 1) determine the 
effect of irradiation on the degradation of nucleotides in turkey meat products, and 2) illustrate 
the nucleotides degradation pathway under different irradiation doses. 
 
Materials and Methods 
Sample preparation 
Meat samples 
Raw turkey breast meat, sliced RTE turkey breast rolls, sliced RTE turkey ham, and RTE 
turkey sausages were purchased from a local grocery store. The turkey meat products were cut 
to 50 g pieces and individually packaged in vacuum bags (nylon/polyethylene vacuum bags, 
9.3 ml O2/ m2/24h at 0 °C; Koch, Kansas City, MO). Cooked turkey breast meat was prepared 
by vacuum-packaging raw turkey breast meat (approximately 66 g each) in oxygen 
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impermeable bags (nylon/polyethylene vacuum bags, 9.3 ml O2/ m2/24h at 0 °C; Koch, Kansas 
City, MO) and heated in an 85 °C-water bath to an internal temperature of 75 °C. After draining 
meat juices from the bag, the cooked turkey breast meat were repackaged in vacuum bags. All 
meat samples were stored at 4 °C before irradiation (Min, 2006). 
 
AMP and IMP model systems 
Standard AMP and IMP (1% w/v) were prepared in 4-mL distilled water in 15 mL 
Falcon™ Conical Centrifuge Tubes, and the headspace was flushed with nitrogen gas for 5 sec 
to minimize oxidation. AMP required a few drops of 1N hydrochloric acid to enable it to 
dissolve (Aliani & Farmer, 2005).  
 
Irradiation  
The packaged meat and solutions were irradiated at four target dose levels (0, 1.5, 3.0 
and 4.5 kGy) using an electron beam accelerator (Titan Corp., San Diego, CA) with 10 MeV 
energy and 5.6 kW power level at SADEX Corporation (Sioux City, Iowa). Alanine dosimeters 
were placed on the top and bottom surfaces of a package and read using a 104 Electron 
Paramagnetic Resonance Instrument (Bruker Instruments Inc., Billerica, MA) to check the 
absorbed dose. Following irradiation, packaged meat samples and solutions were immediately 
placed in coolers with crushed ice and transported to our lab and stored in a refrigerator at 4 °C. 
Nucleotides and nucleotides degradation products were determined on the day of irradiation. 
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Analysis of nucleotides, inosine and hypoxanthine 
Nucleotides and nucleotides degradation products were measured using the HPLC 
method of Aliani & Farmer (2005) with some modifications. Three grams of minced meat were 
weighed into a 50 ml test tube and homogenized with 0.5 mL of an internal standard (10 mM 
xanthine) and 6 mL of 0.6 M perchloric acid using a Polytron homogenizer (Type PT 10/35, 
Brinkman Instruments Inc., Westbury, NY, USA) for 15 s at high speed. The precipitated 
proteins were removed by centrifugation at 3,900 x g for 5 min. The supernatant was filtration 
through a Whatman No. 54 filter paper and the pH adjusted to pH 5.5 by dropwise addition of 
6 M potassium hydroxide to precipitate potassium perchlorate, which was removed by 
centrifugation (11 min, 3,900 x g). The supernatant was filtered through a Whatman No. 54 
filter paper, held at 4 °C and analyzed on an HPLC system equipped with a diode array detector 
(Agilent 1100 Series HPLC system, Agilent Technologies, Wilmington, DE, USA). An aliquot 
of extract (1 µL) was injected using an auto-sampler and the nucleotides were separated on a 
Synergi Fusion-RP HPLC column (4 µm particle size, 80 Å pore size, 150 mm × 4.6 mm i.d., 
Phenomenex, Manchester, UK). A two-solvent mobile phase was used for elution: solvent A 
was a methanol/water mixture (60:40) and solvent B was aqueous KH2PO4 (0.02 M, adjusted 
to pH 5.5 with 1 M potassium hydroxide). All solvents were filtered through a 45-µm 
membrane filter (Millipore) and degassed using helium for 30 min before use. The binary 
gradient consisted of 3 -20% A (97 to 80% B) for 16 min, 20% A (80% B) for 5 min. The 
column was regenerated at the end of each run by reversing the solvent gradient from 20 to 3% 
A (80-97% B) in 5 min. Detection was done at 254 nm (Aliani et al., 2013). 
K-value, I-value and H-value were calculated as description of Saito, Arai, & 
Matsuyoshi (1959) and Özogul et al. (2010): it is expressed as a percentage of the content of 
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the last two final compounds of the ATP catabolic pathway (Inosine, Hypoxanthine) over the 
total content of ATP and its degradation products: ATP, ADP, AMP, IMP, Inosine and Hx. The 
formulas are as follows:  
K-value (%) = [(Inosine + Hypoxanthine) / (ADP + AMP + IMP + Inosine + Hypoxanthine)] 
×100 
I-value (%) = [Inosine / (ADP + AMP + IMP + Inosine + Hypoxanthine)] ×100 
H-value (%) = [Hypoxanthine / (ADP + AMP + IMP + Inosine + Hypoxanthine)] ×100 
 
Statistical analysis 
Six packages of samples (replications) were used for each treatment. Data were analyzed 
by the GLM procedure of SAS (SAS 9.1 version) for different treatments. The differences in 
the mean values were compared by Tukey’s multiple comparison method, and mean values and 
standard deviation of the means (SD) were reported (P < 0.05). 
 
Results and Discussion 
Effect of irradiation on the degradation of nucleotides in raw and cooked turkey breast 
meat 
Irradiation significantly impacted the nucleotides degradation of raw turkey meat: 27% 
decrease in ADP under irradiation doses from 0 to 1.5 kGy, 7% decrease in IMP from 1.5 to 
3.0 kGy irradiation, and 1.4- / 1.1-fold increase of inosine and hypoxanthine from 0 to 3.0 kGy 
irradiation, respectively. As the irradiation dose increased further, the concentration of inosine 
and hypoxanthine decreased more (P < 0.05). The removal of a phosphate group from ADP by 
irradiation increased the amount of AMP, inosine and hypoxanthine in 1.5 kGy-irradiated 
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cooked turkey meat. The degradation of ADP and AMP did not occur rapidly at irradiation dose 
between 1.5 and 4.5 kGy. However, a significant decrease in IMP (from 19.96 to 17.34 μmol/g) 
was observed at irradiation dose between 3.0 and 4.5 kGy, and significant decreases in inosine 
and hypoxanthine also were observed at irradiation dose from 1.5 to 4.5 kGy (P < 0.05) (Fig. 
1).  
ADP and AMP were reported to be present only in trace amounts in irradiated (3 kGy) 
and non-irradiated sea bass muscle (Reale et al., 2008). Similar results were found in this study: 
ADP and AMP remained at low concentrations (< 2.7 μmol/g) in irradiated raw and cooked 
turkey meat samples, but cooked turkey meats had higher levels of ADP and AMP because of 
dehydration and condensation effects during cooking (Lawrie & Ledward, 2006). Cooked meat 
is more susceptible to oxidation than raw meat because the integrity of muscle cell membranes 
are damaged during cooking (Ahn et al., 1992). The changes of inosine and hypoxanthine 
under increasing irradiation doses showed a consistent pattern with this claim: the rapid 
increase of the two final nucleotides degradation products in cooked turkey meat was observed 
in 1.5 kGy, while similar increase was found at higher irradiation dose, 3.0 kGy, for raw turkey 
meat.  
  The decrease of inosine concentration after 3.0 kGy irradiation was expected to 
increase hypoxanthine, but no such observation was found here. Surette, Gill, & LeBlanc (1988) 
also observed similar results when they studied the postmortem nucleotide catabolism in cods. 
Hernández-Cázares, Aristoy, & Toldrá (2011) reported a decrease in hypoxanthine during 
ripening (7 to 11 months) of dry-cured ham. Hypoxanthine can be degraded to xanthine by 
xanthine oxidase and further converted to uric acid (Berg, Tymoczko, & Stryer, 2012). 
However, no xanthine was detected in this study. The possible explanation is that hypoxanthine 
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was decomposed to uric acid or other components under high irradiation doses (> 3.0 kGy). 
Canzanell, Guild, & Rapport (1951) reported that prolonged UV-irradiation of purine 
derivatives can lead to complete disappearance of its maximum absorption, and ammonia and 
urea were found among the products of photolysis. Their observations also indicated that an 
opening of purine ring structures could have been occurred (Kochetkov & Budovskii, 1972). 
Fellig (1954) found that besides ammonia and urea, small quantities of triuret and cyanuric 
acid were formed during the prolonged irradiation of uric acid. Those findings further support 
our assumption that hypoxanthine can be degraded into uric acid and other components under 
high irradiation doses (> 3.0 kGy). 
The K-value changes in turkey meat products under different irradiation doses were 
shown in Table 1. K-value is expressed as a percentage content of the last two final compounds 
of the ATP catabolic pathway (inosine and hypoxanthine) over the total content of ATP and its 
degradation products including ATP, ADP, AMP, IMP, inosine and Hx (Saito et al., 1959). 
Inosine and hypoxanthine are considered as the two final nucleotides degradation products and 
they can produce bitter taste and is regarded as contributors to off-flavor (Özogul et al., 2010). 
Therefore, the K-value is used as an index of the freshness of seafood and a measurement how 
far ATP degradation could progress within the tissues (Botta, 1995). The initial K-values for 
the raw and cooked turkey meat were similar, but a sharp increase of K-value (22%) was 
observed in cooked turkey meat at 1.5 kGy irradiation, and a significant increase (14%) was 
noticed in raw turkey meat at 3.0 kGy, which further confirmed that cooked turkey meat is 
more susceptible to be oxidized. 
The I- and H-value changes in raw and cooked turkey meat products under different 
irradiation doses were shown in Table 2. I-value and H-value are expressed as a percentage of 
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the content of inosine and hypoxanthine over the total content of ATP and its degradation 
products, respectively. Table 2 showed that increase of irradiation dose for raw turkey meat 
from 0 kGy to 3.0 kGy raised the I-values by 30%, while only 7% increase in H-value was 
observed when the irradiation dose increased from 3.0 to 4.5 kGy. For the cooked turkey meat, 
28% increase of I-value was observed when irradiation dose increased from 0 to 3.0 kGy, while 
only a quarter of such increase rate was found in H-value at the same irradiation dose. Those 
observations indicated that irradiation has a stronger impact to inosine than hypoxanthine. It is 
known that the RNA isolated from yeast protects mice (Detre & Finch, 1958) and rats (Maisin, 
Dumont, & Dunjic, 1960) from radiation damage. Inosine has been used as a radioprotective 
medicine for patients treated by irradiation (Kamata, Haruyama, Okano, & Maruyama, 1968). 
Inosine protected DNA from oxidative damage induced by reactive oxygen species and served 
as a radioprotector in mice (Gudkov, Shtarkman, Smirnova, Chernikov, & Bruskov, 2006). 
These research results indicate that inosine has double roles in irradiation: an intermediate from 
IMP to hypoxanthine, and an antioxidant that protects nucleotides from oxidative damage. 
However, considering the low concentration of inosine in meat system (0.2 μmol/g), much 
lower concentration than that used in radioprotective study (1 mM), the antioxidant effect from 
inosine in meat would be minor.  
 
Effect of irradiation on nucleotides and nucleotides degradation products in cured 
turkey meat products 
Irradiation had little effect on the nucleotides degradation products in the cured turkey 
meat products (P > 0.05), even a significant difference was found in the concentration of 
inosine in turkey sausage under different irradiation doses (Table 3). No differences in the K-
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values of three cured meat products were detected (Table 1), indicating that the last two final 
compounds of the ATP catabolic pathway (inosine and hypoxanthine) were not affected by 
increasing irradiation doses. Shahidi, Pegg, & Shamsuzzaman (1991) found that sodium nitrite 
has a strong antioxidant effect on cured meat products. Similar results were reported by other 
researchers: Houser, Sebranek, & Lonergan (2003) observed that TBARS values of irradiated 
(4.5 kGy) cured ham was not practically different from non-irradiated control; Zhu et al. (2004a) 
found that irradiation had little effects on the color and TBARS values of cured turkey ham 
and had minor effects on volatile profiles.  
 
Effect of irradiation on nucleotides degradation in model systems 
  Irradiation of meat can produce variety of degradation products because radiolytic 
degradation not only occurred at nucleotides, but also in other major meat components (lipid, 
protein, etc.). Thus, the mechanism of nucleotides degradation pathway cannot be elucidated 
using meat systems. So, two model systems, AMP and IMP model systems, were used here.  
  Fig. 2 showed the mean concentration (umol/mL) of nucleotides, nucleosides and bases 
in AMP model system. A 9% decrease in AMP from 0 to 4.5 kGy, and 1.2 and 2.1-fold increase 
in the breakdown products of AMP, IMP and hypoxanthine, by irradiation at 3.0 and 4.5 kGy, 
respectively. A significant increase of inosine was observed between 0 and 3.0 kGy irradiation, 
but 56% decease of inosine was observed by 4.5 kGy irradiation. Fig. 3 showed the mean 
concentraions (umol/mL) of nucleotides, nucleosides and bases in IMP model system. A 
significant decrease of IMP was found after irradiation (P < 0.05), while IMP degradation 
products, inosine and hypoxanthine, were newly formed at 1.5 kGy. When higher irradiation 
doses were applied, inosine was further converted into hypoxanthine. 
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  The proposed degradation pathway of nucleotides by irradiation was shown in Fig. 4. 
Under irradiation conditions, ADP was degradated into AMP, which was confirmed in raw and 
cooked turkey meat (Aliani et al., 2013). However, there are two possible pathways to form 
inosine from AMP: 1) IMP was formed through deamination from AMP first, then 
dephosphorylation took place to convert IMP into inosine; 2) The deamination and 
dephosphorylation occurred simultaneously, in which inosine was produced directly from 
AMP without an intermediate, IMP. N-containing group has relatively high hydrophilicity and 
low volatilities, and thus the deamination of nucleotides can progress rapidly with the aid of 
free radicals produced by irradiation in the aqueous conditions (Ahn et al., 2016). The AMP 
model system also showed an evidence that inosine can be produced directly from AMP 
without an intermediate, IMP. However, the resistance of purine derivatives to UV-irradiation 
depends on the character and position of the substituents in the heterocyclic ring. Adenine, 
adenosine and adenylic acids are highly resistant to UV-irradiation (> 230 nm) (Canzanell et 
al., 1951; Kland & Johnson, 1957). Once a carbonyl group is introduced into the purine ring, 
especially at C2 position, the sensitivity of the compound to UV-irradiation increases 
(Kochetkov & Budovskii, 1972). Based on the information, it is concluded that the pathway 1 
is the major degradation pathway of AMP to inosine by irradiation. After inosine is formed, 
the glycosidic bond with ribose is cleaved and is further degraded into hypoxanthine. 
 
Conclusion 
The nucleotides degradation by irradiation in turkey meat products indicated that the 
changes of nucleotide degradation products can contribute to the sensory attributes of 
irradiated meat. Irradiation has a significant effect (P < 0.05) on the degradation of nucleotides 
90 
 
in uncured meat products, but had no impact in cured meat products (P > 0.05). Nitrite in cured 
meat products functioned as an antioxidant / radioprotector and minimized the effect of 
irradiation on nucleotides degradation in meat. K-value can be a good indicator of nucleotides 
resistance to irradiation in meat. The finding in the present study would provide some possible 
solutions (e.g.: masking agents, antioxidants) to minimize the nucleotides degradation by 
irradiation that can reduce the possible negative effect of the irradiation on the sensory quality 
of meat products. 
 
Abbreviation used: 
ATP: adenosine triphosphate  
ADP: adenosine diphosphate 
AMP: adenosine monophosphate 
IMP: inosine monophosphate  
INO: inosine  
Hx: hypoxanthine  
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Table 1. Changes of K-values (%) in turkey meat products under different irradiation 
doses 1, 2 
 
1 Different letters (a, b, c) within a column of the same meat product differ significantly (P < 0.05). 
2 K-value (%) = [(Inosine + Hypoxanthine) / (ADP + AMP + IMP + Inosine + Hypoxanthine)] ×100 
 
  
 Uncured  Cured  
 Raw turkey meat Cooked turkey meat Turkey breast rolls Turkey ham Turkey sausages 
0 kGy 49.87 b 42.06 c 34.39 a 54.54 a 30.66 ab 
1.5 kGy 50.78 b 51.15 a 33.93 a 54.97 a 29.93 ab 
3.0 kGy 58.08 a 49.99 ab 33.88 a 53.68 a 29.55 b 
4.5 kGy 50.51 b 48.75 b 34.50 a 56.44 a 30.09 a 
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Table 2. Changes of I- and H-values (%) in raw and cooked turkey meat products under 
different irradiation doses 1 
 
1 Different letters (a, b, c) within a column of the same meat product differ significantly (P < 0.05). 
2 I value (%) = [Inosine / (ADP + AMP + IMP + Inosine + Hypoxanthine)] ×100 
3 H value (%) = [Hypoxanthine / (ADP + AMP + IMP + Inosine + Hypoxanthine)] ×100 
 
  
 Raw turkey meat Cooked turkey meat 
 I-value 2 H-value 3 I-value H-value 
0 kGy 23.54 b 26.33 b 20.93 c 21.13 c 
1.5 kGy 24.13 b 26.64 b 26.82 a 24.33 a 
3.0 kGy 31.33 a 26.75 b 27.18 a 22.81 b 
4.5 kGy 21.97 c  28.54 a 23.38 b 25.37 a 
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Table 3. Concentration of nucleotides and nucleotides degradation products (μmol/g) in 
turkey meat products under different irradiation doses1 
 
1 Different letters (a, b) within a column of the same meat product differ significantly (P < 0.05). 
ND = not detected in all samples. 
 
 
 
 
 
 
 
 
 
 
 
  AMP IMP Inosine Hypoxanthine 
Turkey breast rolls         
 0 kGy 0.49 ± 0.01 15.63 ± 0.01 ND 8.67 ± 0.29 
 1.5 kGy 0.55 ±0.01 16.52 ± 0.48 ND 8.98 ± 0.27 
 3.0 kGy 0.55 ± 0.02 16.60 ± 0.31 ND 9.00 ± 0.18 
 4.5 kGy 0.52 ± 0.06 15.87 ± 0.85 ND 8.85 ± 0.12 
Turkey ham     
 0 kGy 1.18 ± 0.06 14.83 ± 0.74 9.24 ± 0.39 9.98 ± 0.27 
 1.5 kGy 1.16 ± 0.08 14.41 ± 1.30 9.00 ± 0.27 9.99 ± 0.30 
 3.0 kGy 1.20 ± 0.07 15.44 ± 0.90 9.20 ± 0.50 10.08 ± 0.51 
 4.5 kGy 1.17 ± 0.04 13.95 ± 1.07 9.26 ± 0.43 10.33 ± 0.58 
Turkey sausages     
 0 kGy 0.57 ± 0.04 15.15 ± 0.46 3.85 ± 0.35 a 3.10 ± 0.11 
 1.5 kGy 0.50 ± 0.03 14.52 ± 0.33 3.41 ± 0.28 ab 3.01 ± 0.07 
 3.0 kGy 0.49 ± 0.01 14.69 ± 0.25 3.34 ± 0.10 b 3.03 ± 0.06 
 4.5 kGy 0.51 ± 0.04 14.62 ± 0.27 3.50 ± 0.34 ab 3.01 ±0.03 
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Fig. 1. The concentration of nucleotides and nucleotide degradation products in raw 
and cooked turkey meat with different irradiation doses (0 kGy, 1.5 kGy, 3.0 kGy, 4.5 
kGy) 1  
1Different letters (a, b, c) within a figure of the same meat product differ significantly (P < 0.05). 
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Fig. 2. The concentration of nucleotides and nucleotide degradation products in AMP 
solutions with different irradiation doses (0 kGy, 1.5 kGy, 3.0 kGy, 4.5 kGy) 1 
1Different letters (a, b, c) of the same nucleotide or nucleotide degradation product differ significantly (P < 
0.05). 
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Fig. 3. The concentration of nucleotides and nucleotides degradation products in IMP 
solutions with different irradiation doses (0 kGy, 1.5 kGy, 3.0 kGy, 4.5 kGy) 1 
1Different letters (a, b, c, d) of the same nucleotide or nucleotide degradation product differ significantly 
(P < 0.05). 
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Fig. 4. The proposed nucleotides degradation pathway by irradiation 
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Abstract 
Proteins and its constituents (amino acids) are known as the major contributors to the 
off-odor in irradiated meat. However, radiolytic degradation of amino acids occurred not only 
at side chains but also amino- and carboxyl-groups of the α-carbon. A model system with 
amino acid esters was used to elucidate the mechanisms of volatile production at side chains 
105 
 
of amino acids by irradiation. The low-molecular weight aldehydes, which contributed to the 
irradiation off-odor, were mainly from acidic, aliphatic and aliphatic hydroxyl group amino 
acid esters through the radiolysis of amino acid side chains or the Strecker degradation. 
However, the contribution from non-sulfur amino acids was minor compared with sulfur amino 
acids. Among the sulfur-containing amino acids, methionine made the greatest contribution to 
the irradiation off-odor not only through the direct cleavage of the side chain. However, the 
chemical reactions of sulfur compounds with other compounds produced by irradiation also 
played significant roles to the off-odor of irradiated meat. 
 
Keywords 
Irradiation, volatiles, amino acid esters, sulfur amino acids, irradiation odor 
 
Introduction 
Irradiation is the most effective method to inactivate foodborne pathogens in meat 
(Delincée, 1998; Diehl, 2002). In addition to improving the meat safety, irradiation leaves no 
chemical residues, minimizes nutrient loss, eliminates further cross contamination after 
processing, and prolongs shelf-life of meat (Farkas, 2006; Roberts, 2014). However, the use of 
irradiation on meat products is limited because of off-odor production by irradiation (Lee & 
Ahn, 2004; Brewer, 2009). 
All irradiated meat produces characteristic irradiation odor such as “hot fat,” “burned 
oil”, “burned feathers”, “bloody and sweet”, or “barbecued corn-like” odor, regardless of 
degree of lipid oxidation (Heath, Owens, Tesch & Hannah, 1990; Hashim, Resurreccion & 
McWatters, 1995; O'bryan, Crandall, Ricke & Olson, 2008). Several off-odor volatile 
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compounds, including 2-methyl butanal, 3-methyl butanal, 1-heptene, 1-octene, 1-nonene, 
hydrogen sulfide, sulfur dioxide, mercaptomethane, dimethyl sulfide, methyl thioacetate, 
dimethyl disulfide and dimethyl trisulfide, were newly generated or increased in meat by 
irradiation (Patterson & Stevenson 1995; Fan, Sommers, Thayer & Lehotay, 2002; Lin et al., 
2007; Arvanitoyannis & Tziayzios, 2010; Panseri et al., 2015). These researches also indicated 
that radiolysis of amino acids played an important role in the production of off-odor volatiles 
in irradiated meats, because more than 70 % of meat is water, the second major components in 
meat are proteins and its constituents (amino acids), which are constituted by variety of amino 
acid groups, including acidic, amide, basic, aromatic, aliphatic, aliphatic hydroxyl and sulfur 
containing groups (Lawrie & Ledward, 2006).  
Ahn (2002) used amino acid homopolymers and Ahn et al., (2016 a; b) used amino acid 
monomers to elucidate the production mechanisms of off-odor volatiles in meat by irradiation. 
However, the production mechanisms of off-odor volatiles in irradiated meats cannot be fully 
explained by analyzing the volatiles from irradiated amino acid homopolymers or monomers 
because they found that the radiolytic degradation of amino acids occurred not only at side 
chains but also at amino and carboxyl groups of the α-carbon. In this study, amino acid esters 
were used to determine the contribution of the side chains to the production of volatiles from 
amino acids by irradiation. The amino acid ester samples were randomly divided into 2 groups 
and irradiated at 0 kGy (control group) or 5 kGy (treatment group) using a linear accelerator. 
The objective of this study were 1) to determine the volatile compounds newly produced from 
each amino acid ester by irradiation, 2) to elucidate the production mechanisms of off-odor 
volatiles from amino acid esters by irradiation, and 3) to characterize the odor and evaluate the 
contribution of volatiles from amino acids to the odor of irradiated model systems.  
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Materials and Methods 
Sample preparation 
Twenty one amino acid esters, including aspartic acid di-methyl ester, aspartic acid β-
methyl ester, glutamic acid γ-methyl ester, alanine methyl ester, isoleucine methyl ester, 
leucine methyl ester, proline methyl ester, valine ethyl ester, serine ethyl ester, threonine 
methyl ester, asparagine t-butyl ester, glutamine t-butyl ester, phenylalanine ethyl ester, 
tryptophan ethyl ester, tyrosine ethyl ester, arginine ethyl ester, histidine methyl ester, lysine 
ethyl ester, cysteine ethyl ester, cystine di-ethyl ester, or methionine methyl ester, were 
purchased from Sigma-Aldrich (St. Louis, MO, USA) and used to make the aqueous model 
system. Each amino acid ester (5 mg/L) was dissolved in a citrate-phosphate buffer (100 mM, 
pH 6.0), transferred to a 40 ml vial and irradiated at 0 kGy or 5.0 kGy absorbed dose using an 
Electron Beam irradiator (Circe IIIR, Thomson CSF Linac, St. Aubin, France) at the Iowa State 
University Meat Laboratory. Alanine dosimeters were placed at the top and bottom of a vial 
and read using a 104 Electron Paramagnetic Resonance Instrument (Bruker Instruments Inc., 
Billerica, MS) to check the absorbed dose. Four replications were prepared for each amino acid 
ester. Immediately after irradiation, four 2 mL-portion amino acid ester solutions were taken 
from each replication, and they were individually transferred to four different sample vials, 
flushed with helium gas (99.999 % purity) for 5 s at 40 psi, and then capped. One portion of 
each replication was used to analyze volatile profiles, and the other three were used to 
determine odor characteristics. Volatile profiles and odor characteristics of irradiated amino 
acid esters were studied. A purge-and-trap dynamic headspace/GC-MS was used to quantify 
and identify volatile components, and trained sensory panelists evaluated the overall odor 
characteristics of the samples.  
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Volatile compounds analysis 
A purge-and-trap apparatus (Precept II and Purge & Trap Concentrator 3000, Tekmar-
Dohrmann, Cincinnati, OH, USA) connected to a gas chromatography/mass spectrometry 
(GC/MS, Hewlett-Packard Co., Wilmington, DE, USA) was used to analyze volatiles produced 
(Ahn, 2002). Sample (2 mL) was placed in a 40mL sample vial, and the vials were flushed 
with helium gas (40 psi) for 5 s. The maximum waiting-time for a sample in the refrigerated 
(4 °C) holding tray was set at < 4 h to minimize oxidative changes before analysis. The sample 
was purged with helium gas (40 mL/min) for 12 min at 40 °C. Volatiles were trapped using a 
Tenax/charcoal/silica column (Tekmar-Dohrmann) and desorbed for 2 min at 225 °C, focused 
in a cryofocusing module (-90 °C), and then thermally desorbed into a column for 30 s at 
225 °C. 
An HP-624 column (7.5 m x 0.25 mm i.d., 1.4 mm nominal), an HP-1 column (52.5 m 
x 0.25 mm i.d., 0.25 μm nominal; Hewlett-Packard Co.), and an HP-Wax column (7.5 m x 0.25 
mm i.d., 0.25 μm nominal) were connected using zero dead-volume column connectors (J &W 
Scientific, Folsom, CA). Ramped oven temperature was used to improve volatile separation. 
The initial oven temperature of 0 °C was held for 2.50 min. After that, the oven temperature 
was increased to 15 °C at 2.5 °C/min, increased to 45 °C at 5 °C/min, increased to 110 °C at 
20 °C/min, increased to 210 °C at 10 °C/min, and then was held for 2.5 min at the final 
temperature. Constant column pressure at 20.5 psi was maintained. The ionization potential of 
mass selective detector (Model 5973; Hewlett-Packard Co.) was 70 eV, and the scan range was 
19.1 - 350 m/z. Identification of volatiles was achieved by comparing mass spectral data of 
samples with those of the Wiley library (Hewlett-Packard Co.). Standards, when available, 
were used to confirm the identification by the mass selective detector. The area of each peak 
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was integrated using the ChemStation (Hewlett-Packard Co.), and the total peak area was 
reported as an indicator of volatiles generated from the sample. 
 
Odor characteristics 
 Twelve trained sensory panelists characterized the odor of samples. Panelists were 
selected based on interest, availability, and performance in screening tests conducted with 
samples similar to those to be tested. During training, a lexicon of aroma terms to be used on 
the ballot was developed, and references were selected as anchors to identify the overall odor 
characteristics of samples. Each sample was placed in a glass vial with a randomly selected 3-
digit number, and the sample temperature was brought to 25 °C before samples are tested. 
During the tests, one treatment was presented to each panelist each time, and the order of 
presentation was randomized. Panelists characterized overall odor characteristics. All the 
sensory evaluation tests were done at 25 °C in a sensory panel room equipped with white 
fluorescent lighting. This study was approved for human subjects by the Office of Responsible 
Research at Iowa State University. 
 
Statistical analysis 
Newly formed volatiles in irradiated amino acid esters after irradiation (5 kGy) were 
reported as mean values with standard deviation.  
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Results and Discussion 
Acidic, amide, basic and aromatic group amino acid esters 
Two different aldehydes, acetaldehyde and propanal, were produced by irradiated acidic 
group amino acid esters (aspartic acid di-methyl ester, aspartic acid β-methyl ester, and 
glutamic acid γ-methyl ester) (Table 1). Ahn et al. (2016 a) indicated three possible pathways 
to produce aldehydes from aspartic acid and glutamic acid: 1) the side chain and -NH2- group 
cleavage from the α-carbon: generates an acetic acid or propionic acid, which is further 
converted to acetaldehyde through the oxidation-reduction reactions (McMurry, 2004); 2) the 
Strecker degradation removes -NH2- and -COOH from the -carbon moiety in amino acid 
through the actions of ozone (produced by irradiation) and generates aldehyde (Yaylayan, 
2003); and 3) the acetic acid formed from aspartic acid and glutamic acid can react with 
hydroxyl radical (•OH) and produce an ethen-1-ol (CH2CHOH), which can be further 
converted to acetaldehyde because keto isomers are more stable than the enol ones (Perez & 
Toro-Labbe, 2000). In this study, the amount of acetaldehyde from irradiated aspartic acid -
methyl ester was 25 times greater than that from irradiated aspartic acid di-methyl ester, 
indicating that the cleavage of a bond between α-carbon and side chain (pathway 1) is the major 
pathway to produce acetaldehyde in aspartic acid. Meanwhile, the amount of acetaldehyde 
produced from irradiated glutamic acid γ-methyl ester was greater than that of the propanal, 
which agreed with the finding made by Ahn et al. (2016 a): the cleavage of a bond between -
CH2-CH2- of glutamic acid by irradiation is very difficult (Berg, Tymoczko & Stryer, 2012). 
It also suggested that pathway 1 is the major mechanism to produce acetaldehyde from 
glutamic acid γ-methyl ester. 
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A small amount of butane was also produced from glutamic acid γ-methy ester by 
irradiation. Ahn et al. (2016 a) suggested that a possible reaction pathway to form cyclohexane 
from glutamic acid is decarboxylation of side chain and cyclic reaction (Mehta & Mehta, 2005). 
A similar pathway could be involved here to produce butane: decarboxylation of propionic 
acid produces -CH2-CH2-, which undergo condensation reaction to produce butane (Thakur & 
Singh, 1994).  
Chen, Shen, Sun, Wang, Shan, Yang & Li (2012) reported that GC-MS was not capable 
of analyzing samples that contain high molecular mass nitrogen compounds because of their 
low volatility. In this study, we also observed that side chains with nitrogen atom (arginine, 
histidine, lysine, and tryptophane) produced smaller amounts of volatiles than other amino 
acids (Table 1). However, several volatiles were detected in irradiated amide group amino acid 
esters, and the majority of these volatiles were C3, C4 or C5 compounds (2-methyl propane, 2-
propanone, 2-methyl-2-propenal, 2,2-dimethyl propanane, 2,2-dimethyl-propanal). The side 
chain structure of asparagine t-butyl ester and glutamine t-butyl ester suggested that these 
volatiles could be from the t-butyl ester, not the side chains (Reaction 1) (Guilard, Charton & 
Pichat, 2003).  
 
(Reaction 1) 
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The production of acetic acid ethenyl ester from asparagine t-butyl ester is consistent 
with the results of Ahn et al. (2016 a) who indicated that the bond between α-carbon and side 
chain can be easily broken. However, no acetaldehyde was produced from irradiated 
asparagine t-butyl ester, which is unexpected. In our previous study (Ahn et al., 2016a), 
acetaldehyde was formed from irradiated asparagine through the oxidation-reduction reaction 
of the acetic acid (McMurry, 2004). However, only a small amount of acetic acid ethenyl ester 
was formed after irradiation, and thus only very small amount of acetamide residues could be 
left to produce acetic acid as a reactant (Cordell, Pandya, Hubbard, Turner & Monks, 2013).  
In irradiated glutamine t-butyl ester, two other volatiles, 2-methoxy butane and 2,3-
dihydro-1,4-dioxine, were produced. Glutamine and glutamine t-butyl ester have relatively 
high boiling points, 445.6°C and 359.5°C, respectively (Santa Cruz Biotechnology, 2015). In 
our previous study, only hexane was formed after irradiation (Ahn et al., 2016 a). We deduced 
that these two volatiles were from the condensation reactions with the fragment of  
-CH2-CH2- from the side chain. At the same time, some oxidation-reduction reaction and 
isomerization reaction should be also involved (McMurry, 2004).  
This observation confirmed that the pathway of producing acetaldehyde from 
asparagine: the bond between α-carbon and side chain can be broken easily and the -NH2 group 
from side chain can also be removed easily. It also indicated that the reactions of the side chain 
from glutamine were different from those from aspartic acid, because no acetaldehyde nor 
propanal was formed in irradiated glutamine t-butyl ester.  
Because no acetaldehyde could be produced from arginine by irradiation (Ahn et al., 
2016 a), the production of acetaldehyde in irradiated arginine ethyl ester should be from the 
ethyl ester group (CH3-CH2-O-) through an oxidation-reduction reaction (McMurry, 2004). 
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Volatiles produced in histidine methyl ester by irradiation include hexane and 2-propenoic acid 
methyl ester. It is assumed that 2-propenoic acid methyl ester was formed through the 
following reactions: irradiation cleaves an -NH2- and imidazole group, which generated a 1-
hydroxy-propanoic acid methyl ester or 2-hydroxy-propanoic acid methyl ester by reacting 
with hydroxyl radical (•OH). 1-hydroxy-propanoic acid methyl ester or 2-hydroxy-propanoic 
acid methyl ester was further converted to 2-propenoic acid methyl ester by the dehydration 
reaction. There is no six-carbon chain in histidine methyl ester. Thus, it is assumed that hexane 
was produced by a polymerization reaction among the irradiated free radicals of methyl, ethyl 
and propyl groups (Thakur & Singh, 1994). Irradiation of lysine ethyl ester produced 6 volatile 
compounds: acetaldehyde, ethanol, 2-propanone, 2-methoxy-2-methyl propane, acetic acid 
ethyl ester, and 1-methyl acetic acid ethyl ester. The assumption is that acetaldehyde was 
produced in the same way as explained in irradiated arginine ethyl ester (McMurry, 2004). 2-
Propanone in irradiated lysine ethyl ester was possibly formed through the ketonic 
decarboxylation (Renz, 2005). Other volatile compounds produced from lysine ethyl ester by 
irradiation include 2-methoxy-2-methyl propane, acetic acid ethyl ester, and 1-methyl-acetic 
acid ethyl ester, but their amounts were less than 1/10 of the key volatile compounds from 
lysine ethyl ester (Table 1).  
As in aromatic group amino acid monomers (Ahn et al., 2016 a), irradiation did not 
increase the amounts of total volatile much from the aromatic amino acid esters although a few 
volatile compounds were produced after irradiation. Irradiation of phenylalanine produced 1 
volatile compound (toluene). Benzene and toluene have the same ring structure as the side 
chain of phenylalanine. So, it is assumed that toluene was formed directly from the side chain 
of phenylalanine. The production of hexane in tyrosine ethyl ester could be through the 
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formation of benzene and the rearrangement of benzene: under high temperature, benzene can 
be rearranged to generate methyl cyclopentane (Hu, Shima & Hou, 2014), and a ring-opening 
reaction could occur later to form hexane (Zhao, Moskaleva, & Rösch, 2013).  
Irradiation changed the volatile profiles of alanine methyl ester, isoleucine methyl ester, 
leucine methyl ester, and valine ethyl ester most among the aliphatic group amino acids esters: 
many volatile compounds were produced from the four amino acid esters by irradiation, but 
the most predominant volatiles in aliphatic group amino acids esters were 2-propenonic acid 
methyl ester and propanoic acid methyl ester form alanine methyl ester; 3-methyl pentanoic 
acid methyl ester from isoleucine methyl ester; 4-methyl pentanoic acid methyl ester from 
leucine methyl ester; and 3-methyl butanoic acid methyl ester and 3-methyl 2-butenoic acid 
methyl ester from valine ethyl ester. These compounds were formed by the following reactions: 
1) irradiation cleaved an -NH2- from α-carbon and the remaining part reacted with hydrogen 
radical (•H), a main product of irradiation (Thakur & Singh, 1994), to produce the respective 
compound from each of the amino acid ester (Reaction 2). 
 
(Reaction 2) 
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In addition to those ester compounds, the production of 2-methyl butanal from isoleucine 
methyl ester; 3-methyl butanal from leucine methyl ester; and 2-methyl propanal from valine 
ethyl ester by irradiation was also prominent. Mottram, Wedzicha & Dodson (2002) found that 
the Strecker degradation could generate aldehydes from the branched-chain of amino acids. A 
similar reaction pathway was reported by Weenen & van der Ven (2001) and Yaylayan (2003). 
Ahn et al. (2016a) also found that deamination and decarboxylation from α-carbon of the amino 
acids by ozone can produce 2-methyl butanal, 3-methyl butanal and 2-methyl propanal from 
the three amino acids. This indicated that the Strecker degradation could be the main pathway 
for producing volatile compounds from aliphatic group amino acids by irradiation.  
The production of 2-propenoic acid methyl ester from proline methyl ester by irradiation 
suggested a deamination (arrow ‘a’ and ‘b’ in Reaction 3) and a bond breakage at the side chain 
(arrow ‘c’ in Reaction 3) were occurred. These reactions also indicated that a  
-CH2-CH2- group might be formed at the imidazole group. The other produced volatile, 
acetaldehyde, further supported our assumption, because acetaldehyde (CH3CHO) can be 
formed from -CH2-CH2- reacting with hydroxyl radical (•OH) and further oxidation-reduction 
reaction (McMurry, 2004).  
 
         (Reaction 3) 
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The significant increase of cyclohexane in irradiated proline methyl ester also confirmed 
the production of (-CH2-CH2-) from side chain because a cyclic reaction will be involved in 
the formation of cyclohexane. Through the similar mechanisms, methyl cyclopentane, 
cyclohexane and 2-methyl-1,4-pentadiene were also produced (Thakur & Singh, 1994; Mehta 
& Mehta, 2005). 
Acetaldehyde as well as several other volatile compounds including 2-butanone, 2-
propenoic acid methyl ester, and propanoic acid methyl ester were produced from serine ethyl 
ester, while acetaldehyde and 2-butenoic acid methyl ester were produced from threonine 
methyl ester by irradiation. The formation of acetaldehyde from serine ethyl ester by irradiation 
is through a two-step reaction: first, amino and carboxyl residues are cleaved from the -carbon 
to generate ethen-1-ol, and then forms acetaldehyde. Sato, Quitain, Kang Daimon, & Fujie 
(2004) found that deamination and isomerization can form pyruvic acid from serine in high 
temperature and high-pressure water. It is assumed that 2-butanone should be formed through 
a ketonic decarboxylation of an acetic acid and a pyruvic acid (Reaction 4). Acetaldehydes 
were also formed from threonine methyl ester. However, it was not formed through the same 
reaction mechanisms as in serine but through the production of CH3CHOH- residue from the 
side chain by irradiation because no propanal was detected. 
 
              (Reaction 4) 
 
The formation of 2-propenoic acid methyl ester, propanoic acid methyl ester, and 2-
butenoic acid methyl ester by irradiation followed similar reaction pathways as described in 
aliphatic group amino acids esters: irradiation cleaved an -NH2- from α-carbon and reacted with 
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hydroxyl radical (•OH), and then dehydration reaction was involved to produce double bonds 
(Table 2). 
Many volatiles were generated and the amounts of volatiles produced from amino acid 
esters by irradiation were very high. The results (Tables 1-2) indicated that the side chains are 
highly susceptible to radiolysis and some side chain groups are more susceptible to radiolytic 
attack than others. In addition to ester compounds, aldehydes and hydrocarbons were the major 
volatile compounds in irradiated acidic, aliphatic and aliphatic hydroxyl amino acid ester 
groups. However, the side chain groups containing hydroxyl group (serine ethyl ester and 
threonine methyl ester) and nitrogen atom (asparagine t-butyl ester, glutamine t-butyl ester, 
arginine ethyl ester, lysine ethyl ester, histidine methyl ester, and tryptophane ethyl ester) 
produced smaller amounts of volatile compounds because of the high hydrophilicity of the 
hydroxyl group and the low volatilities of N-containing compounds. Low-molecular weight 
aldehydes are characterized by their unpleasant and pungent odors, and produce irritating effect 
to the nose (Turin & Yoshii, 2003). Therefore, it is assumed that these low-molecular weight 
aldehydes (acetaldehyde, propanal, 2-methyl propanal, 2-methyl butanal, and 3-methyl butanal) 
may have contributed significantly to the irradiation off-odor.  
 
Sulfur-containing amino acid group 
Volatiles such as mercaptomethane, ethanethiol, ethyl formate, 2-propenoic acid methyl 
ester were produced from cysteine ethyl ester by irradiation. Mercaptomethane can be 
produced through the direct cleave of cysteine ethyl ester side chain. Ethanethiol can be formed 
by the reaction of mercaptomethane with CH3- and the free methyl group could be provided by 
ethyl ester group. Propionic acid methyl ester was detected in irradiated cysteine ethyl ester, 
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which indicated that a methyl group was lost at ethyl ester terminal during irradiation. 
Meanwhile, ethanethiol also can be formed in a different pathway: after deamination and 
decarboxylation of cysteine by irradiation, the formation of ethanethiol residue group (-
CHCH2SH) further reacted with hydrogen radical (•H) to produce ethanethiol (Thakur & Singh, 
1994). The relatively high amount of ethyl formate in irradiated cysteine ethyl ester as an 
evidence supported the decarboxylation reaction can occur easily in cysteine. 
Irradiation of cystine di-ethyl ester produced 6 volatile compounds: acetaldehyde, 2-
propanone, carbon disulfide, acetic acid methyl ester, 2-propeonic acid methyl ester, and ethyl 
propanate (Table 3). Cystine is the amino acid formed via a covalent bond derived from two 
thiol groups of cysteines (Berg, Tymoczko & Stryer, 2012). Because of the redistribution of 
electron clouds in the disulfide bond, it is highly reactive towards radicals and can result in 
disulfide bond cleavage (Stinson & Xia, 2013). 
The formation of 2-propenoic acid methyl ester and ethyl propanate from the primary 
radiolytic products indicated that a bond between SH-CH2 can be easily broken. After the 
cleavage of a bond between SH-CH2, two alanines [CH3CH2(NH2)COOH] and H2S can be 
formed. Acetaldehyde can be produced by removing -NH2- and -COOH through the Strecker 
degradation of alanine. Good, Lacina and McCullough (1961) found that the reaction of H2S 
with CO2 can produce carbon disulfide (CS2). Considering a ketonic decarboxylation reaction 
was necessary to form a 2-propanone from two acetic acids, a large amount of CO2 was 
produced as the final product in the decarboxylation reaction (Renz, 2005). We can deduce 
that carbon disulfide (CS2) was formed by the reaction of H2S with CO2 during irradiation in 
cystine di-ethyl ester. 
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Irradiation of methionine methyl ester produced 2-propanone, thiobis methane, methyl 
thiirane, 2-propenoic acid methyl ester, butanoic acid methyl ester, dimethyl disulfide, and 
cyclopropanecarboxylic acid methyl ester. The production of 2-propenoic acid methyl ester, 
butanoic acid methyl ester, and cyclopropane carboxylic acid methyl ester indicated that the 
bond between S-CH2 and the bond between CH2-CH2 in the side chain can be easily broken. 
The formation of thiobismethane and dimethyl disulfide by irradiation indicated that these 
compounds were produced not only through the radiolytic degradation of side chains but also 
the chemical reactions of the primary sulfur compounds with other volatile compounds after 
they were produced (Fan, Lee & Ahn, 2011). Considering the primary radiolysis products of 
water are OH•, H•, and eaq- (Thakur & Singh, 1994), we propose possible radiolytic pathways 
for methionine methyl ester in Fig. 1. The production of methyl thiirane further indicated that 
there was a cyclic reaction in the side chain after it was cleaved from methionine methyl ester. 
The other produced volatiles in methionine methyl ester include 2-propanone, 2-propenonic 
acid methyl ester, and butanoic acid methyl ester. 2-Propanone should have been formed 
through the same reaction as in aspartic acid β-methyl ester: the ketonic decarboxylation of 
two CH3COO-. 2-Propenoic acid methyl ester could have been produced through the same 
reaction pathways as in histidine methyl ester. Butanoic acid methyl ester and cyclopropane 
carboxylic acid methyl ester should have been produced through the similar mechanisms as 
have been described in aliphatic group amino acids ester: irradiation cleaved an -NH2 from α-
carbon, -SCH3 from side chain, and then a reaction with hydrogen radical (•H). To form 
cyclopropane carboxylic acid methyl ester, a cyclic reaction on the side chain is necessary.  
Fan (2012) assumed that methionine is the principal source of volatile sulfur compounds. 
In this study, we found that the amount of sulfur compounds produced from methionine methyl 
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ester was higher than those of other sulfur-containing amino acid esters (cysteine ethyl ester, 
cystine di-ethyl ester), confirming that the contribution of methionine to the irradiation odor is 
far greater than that of the cysteine and cystine. 
 
Major volatiles and odor characteristics 
Table 4 showed the major volatiles from amino acids and their odor characteristics after 
irradiation. Off-odors in protein-containing products are actually due to protein and/or amino 
acid degradation (Shipe et al., 1978). Various volatile sulfur compounds are produced by 
irradiation such as hydrogen sulfide, sulfur dioxide, carbon disulfide, mercaptomethane, 
dimethyl sulfide, dimethyl disulfide, dimethyl trisulfide, bis-methylthio-methane, and methyl 
thioacetate (Patterson & Stevenson, 1995; Fan, Sommers, Thayer & Lehotay, 2002; Lin et al., 
2007). Brewer (2009) reported that sulfur-containing volatiles formed  from sulfur amino acids 
contributed to the irradiation odor. Also, sulfur compounds have extremely low sensory 
threshold, which bring much stronger effects on the odor of food products (Buttery & Ling, 
1998; Hill & Smith, 2000; Frank, Owen & Patterson, 2004; Landaud, Helinck & Bonnarme, 
2008). Sensory panelists described the odor of irradiated sulfur-containing amino acids as 
“hard-boiled eggs and sulfury” and “boiled cabbage or vegetables”. Typical odor 
characteristics of sulfur-containing amino acids indicated that sulfur volatiles played the major 
role in the odor of the irradiated samples (Table 4).  
The sources and mechanisms of generating off-odor volatiles are much more complex in the 
real food system than in the model systems. Two kinds of reactions are discussed most as the 
cause of odor/flavor generation in foods: Maillard reaction and the Strecker degradation. The 
Maillard reaction is an important reaction in the formation of aroma compounds in meat 
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(Bailey, 1994). This reaction starts with a condensation reaction between the carbonyl group 
in a reducing sugar and a free amino group and a series of secondary reactions after that 
(Martins, Jongen & van Boekel, 2000). The Strecker degradation is often considered as a sub-
reaction within the Maillard reaction (Yaylayan, 2003). The typical Strecker degradation 
involves the oxidative deamination and decarboxylation of α-amino acid in the presence of α-
dicarbonyl compounds. The products of the Strecker degradation are α-aminoketones and 
Strecker aldehydes containing one carbon less than the corresponding amino acid (Resconi, 
Escudero & Campo, 2013). However, the Maillard reaction was not involved in producing 
volatiles from irradiated amino acids ester while the Strecker degradation played important 
roles in volatile production in the irradiated amino acids model systems probably because our 
study system did not contain any carbohydrates.  
  
Conclusions 
The majority of volatiles produced from the amino acid esters in model system by 
irradiation were mainly from the side chains of amino acid esters. However, the volatile 
compounds produced from amino acid esters by irradiation were not only the primary products 
of radiolytic degradation, but also the products of extensive chemical reactions, which include 
deamination, hydrogenation, oxidation-reduction, decarboxylation, dehydration, condensation, 
isomerization, cyclic reaction and rearrangement of the primary radiolytic products (Fig. 2). 
The low-molecular weight aldehydes (acetaldehyde, propanal, 2-methyl propanal, 2-methyl 
butanal, and 3-methyl butanal), which contributed significantly to the irradiation off-odor, 
were mainly produced from acidic, aliphatic and aliphatic hydroxyl group amino acid esters 
through the radiolysis of amino acid side chains or the Strecker degradation. However, the 
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contributions from non-sulfur amino acid esters are very small compared with that of the sulfur 
amino acid esters. Among the sulfur-containing amino acid esters, methionine ester made 
greater contribution to the irradiation odor than other sulfur amino acid esters. The sulfur amino 
acid esters produced volatiles not only through the direct cleavage of the side chains, but also 
the chemical reactions of primary sulfur compounds with other compounds produced by 
irradiation. This study further confirmed that the main sources and production mechanism of 
off-odor volatiles in meat by irradiation are meat proteins through the radiolytic and the 
Strecker degradation of amino acid side chains. Based on this conclusion, several possible 
solutions could be used to minimize off odor produced from irradiated meat, including masking 
agents, off-odor absorbers and double packaging.  
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Table 1 Production of volatile compounds from acidic, basic, aromatic, and amide 
group amino acid ester solution by irradiation a 
  Volatiles 5 kGy 
    ------- total ion counts x 104 ------- 
Acidic group amino acid esters   
    Aspartic acid di-methyl ester   
 acetaldehyde  2833 ± 292 
    Aspartic acid β-methyl ester   
 acetaldehyde  73,411 ± 8346 
 2-methoxy-methyl propane  1292 ± 80 
    Glutamic acid γ-methyl ester   
 butane  3295 ± 312 
 acetaldehyde  74,626 ± 4414 
 propanal  11,615 ± 950 
   
Amide group amino acid esters   
    Asparagine t-butyl ester   
 2-methyl propane  25,895 ± 582 
 2-propanone  27,665 ± 4592 
 2-methyl-2-propenal  2070 ± 386 
 acetic acid ethenyl ester  951 ± 58 
 2,2-dimethyl propanane  1364 ± 104 
 formic acid, 1,1-dimethylethyl ester  1704 ± 220 
    Glutamine t-butyl ester   
 2-methyl propane  65,873 ± 2108 
 2-methyl-2-propenal  1899 ± 262 
 2-methoxy butane  6723 ± 378 
 2,2-dimethyl-propanal  3490 ± 86 
 2,2-dimethyl-3-pentanol  4591 ± 292 
 2,3,dihydro-1,4-dioxine  3915 ± 182 
   
Basic group amino acid esters   
    Arginine ethyl ester   
 acetaldehyde  67,663 ± 4254 
    Histidine methyl ester   
 hexane  3340 ± 132 
 2-propenoic acid methyl ester  870 ± 176 
    Lysine ethyl ester   
 acetaldehyde  65,252 ± 1764 
 ethanol  6939 ± 2294 
 2-propanone  6322 ± 508 
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Table 1 (continued) 
 
 2-methoxy-2-methyl propane  668 ± 20 
 acetic acid ethyl ester  847 ± 76 
 acetic acid,1-methyl ethyl ester  627 ± 88 
   
Aromatic group amino acid esters   
    Phenylalanine ethyl ester   
 toluene  30,053 ± 2100 
    Tryptophane ethyl ester   
 None  -- 
    Tyrosine ethyl ester   
  hexane  859 ± 46 
 
a Only the newly formed volatiles in irradiated amino acid esters (5 kGy) were listed (n=4).  
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Table 2 Production of volatile compounds from aliphatic and aliphatic hydroxyl group 
amino acid esters solution by irradiation a 
  Volatiles 5 kGy 
   ------- total ion counts x 104 ------- 
Aliphatic group amino acid esters   
    Alanine methyl ester   
 2-propenonic acid methyl ester  119,025 ± 5430 
 propanoic acid methyl ester  199,886 ± 10340 
 2-methyl propanoic acid methyl ester  841 ±62 
    Isoleucine methyl ester   
 2-methyl-1-propene  985 ± 94 
 butane  1297 ± 88 
 1-butene  2359 ± 420 
 2-butene  680 ± 106 
 2-methyl propanal  506 ± 94 
 2-butanone  3239 ± 1060 
 2-methyl butanal  16,057 ± 488 
 butanoic acid methyl ester  588 ± 44 
 2-butenoic acid methyl ester  531 ± 40 
 3-methyl butanoic acid methyl ester  5402 ± 208 
 pentanoic acid methyl ester  680 ± 8 
 3-hexenoic acid methyl ester  7280 ± 458 
 3-methyl pentanoic acid methyl ester  289,010 ± 1698 
 hexanoic acid methyl ester  2707 ± 292 
 2-(dimethylhydrazono) butanal  27,247 ± 494 
    Leucine methyl ester   
 2-methyl 1-propene  1795 ± 234 
 2-methyl propanal  11,689 ± 826 
 2-methyl 2-propenal  423 ± 52 
 2,2-oxybis propane  977 ± 40 
 2-propenoic acid methyl ester  2011 ±294 
 propanoic acid methyl ester  719 ± 108 
 3-methyl butanal  14,414 ± 576 
 3-methyl butanoic acid methyl ester  3368 ± 276 
 4-methyl 2-pentenoic acid methyl ester  64,936 ±2248 
 3-methyl butanoic acid methyl ester  6211 ±326 
 4-methyl pentanoic acid methyl ester  252,829 ± 3822 
 4-methyl 4-pentenic acid methyl ester  3283 ± 156 
 2,4-dimethyl hexanoic acid methyl ester  2268 ± 106 
    Proline methyl ester   
 acetaldehyde  3573 ± 1090 
 hexane  702 ± 8 
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Table 2 (continued) 
 
 methyl cyclopentane  524 ± 10 
 2-propenoic acid methyl ester  542 ± 398 
 cyclohexane  22,710 ± 2522 
 2-methy-1,4-pentadiene  732 ± 214 
    Valine ethyl ester   
 2-methyl propanal  13,080 ± 2190 
 acetic acid ethyl ester  1627 ± 206 
 propanoic acid methyl ester  2593 ± 894 
 3-methyl butanal  1625 ± 92 
 3-methyl butanoic acid methyl ester  381,988 ± 30348 
 3-pentenoic acid methyl ester  33,890 ± 2394 
 pentanoic acid methyl ester  1968 ± 378 
 2-butenoic acid methyl ester  17,759 ±2220 
 3-methyl 2-butenoic acid methyl ester  176,890 ±4152 
 4-methyl pentanoic acid methyl ester  1516 ± 186 
   
Aliphatic hydroxyl group amino acid esters   
    Serine ethyl ester   
 acetaldehyde  1716 ± 896 
 2-butanone  1721 ± 688 
 2-propenoic acid methyl ester  56,624 ± 7960 
 propanoic acid methyl ester  3777 ± 706 
    Threonine methyl ester   
 acetaldehyde  19,094 ± 3584 
  2-butenoic acid methyl ester  626 ± 52 
 
a Only the newly formed volatiles in irradiated amino acid esters (5 kGy) were listed (n=4). 
 
132 
 
Table 3 Production of volatile compounds from sulfur-containing amino acid ester 
solution by irradiation a 
  Volatiles 5 kGy 
    ------- total ion counts x 104 ------- 
Cysteine ethyl ester   
 mercaptomethane  1743 ± 420 
 ethanethiol  366 ± 70 
 ethyl formate  9091 ± 572 
 propionic acid methyl ester  20,012 ± 1454 
Cystine di-ethyl ester   
 acetaldehyde  3680 ± 158 
 2-propanone  1812 ± 228 
 carbon disulfide  537 ± 42 
 acetic acid methyl ester  1841 ± 64 
 2-propenoic acid methyl ester  177,002 ± 2128 
 ethyl propanate  7124 ± 840 
Methionine methyl ester   
 2-propanone  747 ± 14 
 thiobis methane  2383 ± 98 
 methyl thiirane  621 ± 20 
 2-propenoic acid methyl ester  2850 ± 44 
 butanoic acid methyl ester  7054 ± 350 
 dimethyl disulfide  147,591 ± 1892 
  cyclopropanecarboxylic acid methyl ester  8135 ± 244 
 
a Only the newly formed volatiles in irradiated amino acid esters (5 kGy) were listed (n=4). 
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Table 4 The major volatiles and odor characteristics of irradiated amino acid esters solutions 
 
Amino acid a Major volatiles  Odor characteristics b 
Acidic group amino acid esters   
Aspartic acid di-ME acetaldehyde No odor 
Aspartic acid -ME acetaldehyde No odor 
Glutamic acid -ME acetaldehyde, propanal Honey, sweet 
 
Amide group amino acid esters  
  
Asparagine t-BE 2-methyl propane, 2-propanone, 2-methyl-2-propenal, No odor 
 2,2-dimethyl propanane  
Glutamine t-BE 
2-methyl propane, 2-methyl-2-propenal, 2,2-dimethyl-
propanal 
Hospital odor 
 
Basic group amino acid esters 
  
Arginine EE acetaldehyde Bean sprouts, sperm, detergent 
Histidine ME acetaldehyde, 2-propenoic acid ME No odor 
Lysine EE acetaldehyde Sour 
Proline ME acetaldehyde, cyclohexane Sweet and nutty 
Valine EE 2-methyl propanal, 3-methyl butanoic acid ME          Roast nuts   
 
Aromatic group amino acid esters 
  
Phenylalanine EE toluene Strong solvent odor 
Tyrosine EE hexane Alcohol, mild solvent 
 
Aliphatic group amino acid esters 
  
Alanine ME 2-propeonic acid ME, propanoic acid ME 
Sour, yoghurt, cheese, aftershave, 
alcohol 
Isoleucine ME 2-methyl butanal, 3-methyl-pentanoic acid ME Sweet (licorice), roast nuts 
Leucine ME 3-methyl butanal, 4-methyl-pentanoic acid ME Weak roast nuts, grease, wax, gasoline 
1
3
3
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Table 4 (continued)  
 
 
a Abbreviations: ME: Methyl ester, EE: Ethyl ester. 
b Odor characteristics of each irradiated amino acid ester.
Proline ME acetaldehyde, cyclohexane Sweet and nutty 
Valine EE 2-methyl propanal, 3-methyl butanoic acid ME          Roast nuts   
 
Aliphatic hydroxyl group amino acid 
esters 
  
Serine EE acetaldehyde, 2-Butanone 2-propenoic acid ME,  Coleslaw, sweet 
 propenoic acid ME  
Threonine ME acetaldehyde Hospital odor 
 
Sulfur-containing amino acid esters 
  
Cysteine EE mercaptomethane, ethyl formate, propionic acid ME Boiled egg, sulfury 
Cystine di-EE acetaldehyde, 2-propanone, acetic acid ME,  Alcohol 
 2-propeonic acid ME, ethyl propanate  
Methionine ME thiobis methane, 2-propenoic acid ME, butanoic acid ME, Boiled cabbage, boiled vegetables 
 dimethyl disulfide, cyclopropanecarboxylic acid ME  
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Fig. 1. Proposed formation of voltiles from methionine methyl ester by irradiation 
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Fig. 2. Proposed formation of off-odor from amino acids by irradiation 
1
3
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Abstract 
The objective of this study was to elucidate the relationships among lipid/protein 
oxidation, color changes, off-taste and off-odor in irradiated raw beef round eye. Raw beef 
round eye was prepared and irradiated at 0, 1.5, 3.0 and 4.5 kGy using a linear accelerator. 
Significant (P < 0.05) increases in lipid oxidation and protein oxidation were found in 
irradiated raw beef round eye, while significant (P < 0.05) decreases were observed in the color 
values (L*-, a*-, and b*-value). The nucleotides degradation by irradiation indicated that 
nucleotide degradation products can contribute to the taste changes (increase in sourness and 
decrease in umami taste) in the irradiated raw beef round eye, which was further confirmed by 
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the electronic tongue data. The sulfur volatiles (e.g.: dimethyl disulfide) from the sulfur-
containing amino acids and ketones (e.g.: 2-butanone) from ketonic decarboxylation reactions 
increased significantly after irradiation, indicating these are closely related to the off-odor of 
irradiated beef round eye. 
 
Keywords 
Irradiation; lipid and protein oxidation; color change; nucleotides; volatile compounds; 
electronic tongue 
 
Introduction 
Beef is the third most widely consumed meat (25% of meat), after pork and poultry (at 
38% and 30%, respectively), in the world (Raloff, 2003). With the growing demands and the 
globalization of the market, the shelf-life extension of beef products, especially of fresh beef, 
becomes increasingly important (Luzardo, Woerner, Geornaras, Hess, & Belk, 2016). Due to 
chemical and nutritional compositions, fresh meat is highly perishable by microorganisms 
during shipping, handling and storage (Lambert, Smith, & Dodds, 1991).  
Food irradiation technology has been confirmed as an effective method for the 
prevention of food spoilage as well as the control of pathogens (WHO, 1999). However, 
irradiation can change the oxidation-reduction potential of meat systems, which results in 
accelerated lipid and protein oxidation (Xiao, Zhang, Lee, Ma, & Ahn, 2011), color changes 
(Nam & Ahn, 2002), and off-taste and off-odor production (Feng, Moon, Lee, & Ahn, 2016a). 
Kim, Nam, & Ahn (2002) reported that irradiated meats produced higher 2-thiobarbituric 
acid reactive substances (TBARS) than the nonirradiated ones regardless of animal species, 
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but beef was the most susceptible to oxidation. Feng, Moon, Lee, & Ahn (2016a & 2017) found 
that irradiation increased protein oxidation in raw turkey breast meat and the nucleotides 
degradation by irradiation was elucidated in turkey meat products as well as in the model 
systems. Nam & Ahn (2002) found that irradiation increased the redness of light meats due to 
carbon monoxide myoglobin formation. Kwon et al. (2012) reported that the major off-odor 
volatile, dimethyl disulfide, can be used as a potential marker for irradiated meat. 
Conventionally, the sensory characteristics of meat products are assessed by the trained 
sensory panels. However, this conventional technique has some drawbacks: difficulties in 
training, standardization of measurements, reproducibility, high cost, and taste saturation of 
the panelists (Kang, Lee, & Park, 2014). In this regard, the electronic tongue is considered as 
a promising tool for assessing meat products. The electronic tongue is a robotic system with 
an array of sensors and has good reproducibility with low detection limits and high sensitivity 
for screening the taste attributes of foodstuffs (Woertz, Tissen, Kleinebudde, & Breitkreutz, 
2010). During the last decade, electronic tongue has been applied as a rapid and low-cost 
method for the quantitative and qualitative analyses of numerous foodstuffs, including 
beverages (Fujita et al., 2010) and meat (Zhang et al., 2015). The principle for the electronic 
tongue is based on the measurement of potential changes of several working electrodes against 
a reference electrode in zero-current conditions. The electrodes interact with the solution 
molecules at the surface initiates changes in potentials. Then, the potential changes are 
compared with the sensor responses of the existing matrix (Ciosek & Wróblewski, 2007; Latha 
& Lakshmi, 2012).  
With the approval of irradiation to improve the safety of raw meat, concerns have been 
raised about the negative effects of irradiation on meat quality, which include lipid oxidation, 
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protein oxidation, color changes, and off-taste and off-odor production. However, the 
relationships among lipid/protein oxidation, color changes, off-taste (especially the taste 
profiles), and off-odor in irradiated raw beef round eye are not clear yet.  
The objectives of this study were to 1) evaluate the effect of irradiation on the 
lipid/protein oxidation, color, nucleotides and nucleotide degradation products, and volatiles 
of raw beef round eye, 2) determine the changes of taste profiles under different irradiation 
doses using the electronic tongue, 3) interpret the relationship among those quality-related 
parameters using multivariate statistical analysis, and 4) elucidate the key taste components or 
volatiles responsible for the off-taste and off-odor. The results of this study should provide 
better understanding of the potential advantages or disadvantages of irradiation on raw beef 
round eye. 
 
Materials and Methods 
Sample preparation 
Raw beef round eye was purchased from a local grocery store. The meat samples were 
cut into 50-g pieces and individually vacuum-packaged in vacuum bags (nylon/polyethylene 
vacuum bags, 9.3 ml O2/ m2/24h at 0 °C; Koch, Kansas City, MO). The packaged meats were 
irradiated at four target dose levels (0, 1.5, 3.0 and 4.5 kGy) using an electron beam accelerator 
(Titan Corp., San Diego, CA) with 10 MeV energy and 5.6 kW power level at SADEX 
Corporation (Sioux City, Iowa). Alanine dosimeters were placed on the top and bottom surfaces 
of a package and read using an Electron Paramagnetic Resonance Instrument (Bruker 
Instruments Inc., Billerica, MA) to check the absorbed dose. Following irradiation, packaged 
meat samples were immediately placed in coolers with crushed ice and transported to the lab 
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and stored at 4 °C. Lipid oxidation, protein oxidation, color, nucleotides and volatiles were 
determined within 24 h after irradiation. 
 
Lipid oxidation and protein oxidation  
Lipid oxidation was measured using the thiobarbituric acid reactive substances (TBARS) 
method of Wang et al. (2012). The amounts of TBARS were calculated as milligrams (mg) of 
malondialdehyde (MDA) per kilogram (kg−1) of meat. Protein carbonyl content was 
determined using the 2,4-dinitrophenylhydrazine (DNPH) derivatization method (Lund, Hviid, 
Claudi-Magnussen, & Skibsted, 2008). The carbonyl content was calculated as nmoles per 
milligram of protein using an absorption coefficient of 22,000 M-1 cm-1 (Levine, Williams, 
Stadtman, & Shacter, 1994). Three packages of samples (replications) were used for each 
analysis. 
 
Color measurement 
The color was measured using a Konica Minolta Color Meter (CR-410, Konica Minolta, 
Osaka, Japan). The colorimeter was calibrated using an illuminate source C (average day light) 
on a standard white ceramic tile covered with the same film (nylon/polyethylene vacuum bags) 
as the ones used for meat samples to negate the color and light reflectance properties of the 
packaging material. The areas selected for color measurement were free from obvious defects 
that may affect the uniform color readings. The color was expressed as CIE L*-(lightness), a*-
(redness), and b*-(yellowness) values. Three packages of samples (replications) were used for 
each analysis. 
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Nucleotides, inosine and hypoxanthine 
  Nucleotides and nucleotides degradation products were measured using the HPLC 
method of Feng, Moon, Lee, & Ahn (2016). Samples were analyzed on an HPLC system 
equipped with a diode array detector (Agilent 1100 Series HPLC system, Agilent Technologies, 
Wilmington, DE, USA). An aliquot (1 µL) was injected using an auto-sampler and the 
nucleotides were separated on a Synergi Fusion-RP HPLC column (4 µm particle size, 80 Å 
pore size, 150 mm × 4.6 mm i.d., Phenomenex, Manchester, UK). A two-solvent mobile phase 
was used for elution: solvent A was a methanol/water mixture (60:40) and solvent B was 
aqueous KH2PO4 (0.02 M, adjusted to pH 5.5 with 1 M potassium hydroxide). The binary 
gradient consisted of 3 -20% A (97 to 80% B) for 16 min, 20% A (80% B) for 5 min. The 
column was regenerated at the end of each run by reversing the solvent gradient from 20 to 3% 
A (80-97% B) in 5 min. Detection was done at 254 nm (Aliani, Farmer, Kennedy, Moss, & 
Gordon, 2013). Three packages of samples (replications) were used for each analysis. 
 
Volatile compounds 
Volatiles of samples were analyzed using a Solatek 72 Multimatrix-Vial 
Autosampler/Sample Concentrator 3100 (Tekmar-Dohrmann, Cincinnati, OH, USA) 
connected to a GC/MS (Model 6890/5973; Hewlett-Packard Co., Wilmington, DE, USA) 
according to the method of Nam et al. (2007). The area of each peak was integrated using 
ChemStationTM software (Hewlett-Packard Co.) and the total peak area was reported as an 
indicator of volatiles generated from the samples. Four packages of samples (replications) were 
used for each analysis. 
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Electronic tongues 
The α-Astree 2 E-tongue (Alpha M.O.S., Toulouse, France) was used to profile the tastes 
of raw beef round eye. The tongue is composed of an Ω Metrohm 759 Swing Head, SC 
Controller, 48-position auto-sampler, an array of ion selective field effect transistor (ISFET) 
sensors, and an advanced chemometrics software package. The commercially available set #5 
– the SRS, GPS, STS, UMS, SPS, SWS, and BRS sensors – was used, and five sensors, SRS, 
STS, UMS, SWS, and BRS, are assigned to a specific taste sensation: sourness, saltiness, 
umami, sweetness, and bitterness, respectively. This setup implies that though each sensor is 
most sensitive to a specific sensation, it also detects other substances. 
Raw beef round eye (10 g) was chopped to small pieces and homogenized with 20 mL 
distilled water in a Waring blender for 1 min to extract water-soluble components of meat. The 
homogenate was centrifuged at 3,000 x g for 30 min and the supernatant was collected. The 
precipitant was re-extracted with 30 mL distilled water and centrifuged as above. The 
supernatants were pooled and 5 mL of this supernatant was diluted 5 times, and then used for 
the electronic tongue analysis.  
Prior to analysis of samples, the sensors of the electronic tongue were conditioned (0.01 
mol/L hydrochloric acid), calibrated (0.01 mol/L hydrochloric acid) and tested (diagnostic, 
0.01 mol/L each of hydrochloric acid, sodium chloride, caffeine, glucose and monosodium 
glutamate) for proper functioning and stability. Following successful calibration, each meat 
sample was analyzed ten times for a period of 120 s. Two packages of samples (replications) 
were used for each analysis. To avoid carryover effects, the sensors were rinsed in deionized 
water after each measurement. The raw data thus obtained were multivariate in nature and 
expressed as voltage vs time. 
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Statistical analysis 
Data were analyzed by the GLM procedure of SAS (SAS 9.4 software package 2013) 
for different treatments. The differences in the mean values were compared by Tukey’s 
multiple comparison method, and mean values and standard error of the means were reported 
(P < 0.05). Principal component analysis was conducted in order to explore relationships 
between quality characteristics and raw beef round eye under different irradiation doses using 
XLSTAT (2015). Two principal components, PC1 and PC2 were retained to determine 
treatment scores. The CORR procedure of SAS was used to determine Pearson correlation 
coefficients. 
 
Results and Discussion 
Lipid oxidation, protein oxidation and color changes of raw beef round eye 
Irradiation increased lipid oxidation by 44% and protein oxidation by 11% from the 
control. However, all the color values (L*-value, a*-value and b*-value) significantly 
decreased by irradiation (Table 1). Irradiation can break water molecules to produce oxidizing 
(hydroxyl radical) as well as reducing compounds (aqueous electrons, hydrogen atoms) 
(Thakur & Singh, 1994). The hydroxyl radicals produced from water by ionizing radiation can 
easily convert myoglobin to metmyoglobin, or even can remove the ferric iron from heme and 
force it to become a catalyst to accelerate lipid oxidation (Min, Cordray, & Ahn, 2010). In fresh 
meat systems, meat pigments are in ferrous form and O2 can form ligands with myoglobin to 
produce cherry red color (Judge, Aberle, Forrest, Hendrick, & Merkel, 1989). However, the 
declining trends of a*-value indicated the degradation or denaturation of meat pigments by 
irradiation. 
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Nucleotides and nucleotide degradation products of raw beef round eye 
  Nucleotides and nucleotide degradation products were also significantly impacted by 
irradiation: 23% decrease in ADP under irradiation doses from 0 to 4.5 kGy and 4-fold increase 
in AMP under the same irradiation dose range. The amounts of IMP and inosine decreased by 
75% and 58%, respectively, with 4.5 kGy-irradiation. A 1.2-fold increase of hypoxanthine was 
observed with 3.0 kGy-irradiation, but as the irradiation dose increased further, the 
concentration of hypoxanthine decreased more (P < 0.05) (Table 2). 
  Feng, et al. (2016a) proposed the degradation pathway of nucleotides from ADP to 
AMP, IMP, inosine and hypoxanthine in model and meat systems. However, hypoxanthine can 
be degraded into uric acid and other components under high irradiation doses (> 3.0 kGy) 
(Canzanell, Guild, & Rapport, 1951; Fellig, 1954). The role of IMP for the generation of meat 
odor and flavor and inosine and hypoxanthine for the contributors to off flavor has been 
demonstrated both in model system and sensory studies (Lawrie & Ledward, 2006): Kawai, 
Okiyama, & Ueda (2002) reported a strong synergistic interaction of umami occurs between 
L-α-amino acids with IMP, and the quality of fish can be maintained as long as IMP is not 
depleted (Sikorski & Kolakowski, 2000); inosine and hypoxanthine produced bitter taste and 
contributed to off flavor (Kuchiba-manabe, Matoba, & Hasegawa, 1991; Tikk et al., 2006). 
 
Volatile profiles of raw beef round eye 
  Twenty-eight volatiles including 1 sulfur compound, 3 aldehydes, 3 ketone, 1 benzene 
and 20 hydrocarbons were identified from the meat samples (Table 3). The amount of dimethyl 
disulfide increased linearly (R2=0.9365) as observed in other spices (e.g.: raw and cooked 
turkey) (Feng et al., 2017; Feng, Moon, Lee, & Ahn, 2016b).  
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Hexanal, 2-methyl-butanal and 3-methyl-butanal were the three aldehydes detected in 
the irradiated raw beef round eye. Shahidi and Pegg (1994) reported that hexanal can be used 
as an indicator of lipid oxidation. The significant increase of lipid oxidation and hexanal in the 
irradiated raw beef round eye from 0 to 4.5 kGy further confirmed this claim. 2-Methyl-butanal 
and 3-methyl-butanal were usually associated with the Strecker degradation of leucine and 
isoleucine (Ahn et al., 2016), which was validated by the newly produced volatiles of 2-methyl-
butanal and 3-methyl-butanal at 4.5 kGy. 
Ketones were usually formed through a ketonic decarboxylation converting two 
carboxylic acids to a ketone (Renz, 2005): 
 
Two of the three ketones (2-propanone and 2,3-butanedione) were newly produced after 
irradiation, but only a small amount of 2-butanone was found before irradiation. Similar results 
were reported by Machiels, van Ruth, Posthumus, & Istasse (2003) who found that 2-butanone 
is a common volatile flavor compound in conventional and organic Irish beef meat.  
Benzene was detected in all the irradiated raw beef round eye, but not in the control 
group, which was consistence with the previous report in turkey meat product (Feng & Ahn, 
2016). This suggested that the side chains of aromatic amino acids are the major sources of 
benzene and benzene derivatives by irradiation (Ahn et al., 2016) .  
Twenty hydrocarbons were found in the irradiated raw beef round eye. Octane, 1-octene 
and 2-octene were the only volatiles detected in all beef round eye under different doses, and 
ten hydrocarbons whose carbon number of the main chain was smaller than octane such as 
2,3,3-trimethyl-pentane, 2,2,3,4-tetramethyl-pentane and 3,3,5-trimethyl-heptane, and two 
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other carbons larger than octane including 2,5,6-trimethyl-decane and 2,2,8-trimethyl-decane 
were newly produced. This observation further suggested that octane plays as a central role in 
producing new volatiles after irradiation through cracking, isomerizing or polymerizing.  
 
Principal component analysis (PCA) for volatile compounds 
  PCA was performed on volatile compounds in order to provide visualization of the data 
set in a reduced dimension and two principle components were retained to determine treatment 
scores (Fig. 1). The first principal component (PC1) explained 87.38 % and the second 
principal component (PC2) explained 10.28 % of the variations. The lower right quadrant of 
PC indicated that the major volatile component contributing to the irradiated raw beef round 
eye at 1.5 kGy were 2-propanone. On the other hand, 2-butanone and dimethyl disulfide were 
located in near the positive axis of PC1 and PC2 (upper right quadrant), which indicated that 
the irradiated raw beef round eye at 3.0 kGy and 4.5 kGy were highly associated with those 
volatiles. In contrast, other volatiles contributed little to the off-odor in the irradiated raw beef 
round eye. Similar results was reported by Kwon et al. (2012), who found dimethyl disulfide 
could be used as a marker compound for the detection of irradiated beef under the frozen 
conditions for six months. Houser et al. (2005) also reported that irradiation treatment resulted 
in the formation of 2-butanone in pork frankfurters.  
 
Electronic tongues analysis  
  Principal component analysis also was used to profile the tastes of irradiated raw beef 
round eye (Fig. 2.). The first principal component (PC1) explained 70.26 % and the second 
principal component (PC2) explained 13.75 % of the variations. In the upper left quadrant of 
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PC1, the major sensory characteristics contributing to the non-irradiated raw beef round eye 
were umami, sweetness, saltiness and bitterness. For those attributes, the non-irradiated and 
irradiated meat samples were separated. Near the positive axis of PC1 and PC2 (upper right 
quadrant), the irradiated meat at 3.0 kGy was highly associated with sourness. Similar results 
were reported by Johnson & Resurreccion (2009) who found that the taste attributes of sourness 
and sweetness were affected by irradiation in ready-to-eat poultry frankfurters. In addition, the 
irradiated meat at 4.5 kGy was in the opposite directions to the control group, which further 
confirmed that irradiation can change the taste properties of meat by increasing sour notes and 
degrading of umami-related chemical compounds (Feng et al., 2016a; Luchsinger et al., 1996).  
 
Correlations  
  Correlation analysis could be manipulated to further illustrate the relationships among 
quality related parameters. Sourness was positively correlated with hypoxanthine and 2-
butanone (P < 0.05). Hypoxanthine is considered as a nucleotide degradation product 
(Kuchiba-manabe et al., 1991), while 2-butanone is usually produced by the conversion of two 
carboxylic acids upon irradiation (Renz, 2005). The amounts of these two components were 
increasing as the irradiation dose increased, which further proved that the sensory quality 
change of sourness was due to irradiation. The umami taste showed negative correlations with 
lipid/protein oxidation and dimethyl disulfide (P < 0.05), but had positive relationships with 
ADP and IMP contents (P < 0.05). Umami is the fifth basic taste sensation along with 
sweetness, saltiness, bitterness and sourness (Conn, 1992). In meat system, umami is usually 
provided by disodium salts of the 5’-nucleotides, including IMP, GMP and AMP (Chen & 
Zhang, 2007). Under irradiation, the hydrophilic groups of nucleotides (N-containing and 
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phosphate moieties) are easily removed and further degraded into inosine or hypoxanthine to 
cause off-taste (Chen et al., 2012; Kochetkov & Budovskii, 1972). However, no correlations 
were found between bitterness and quality-related parameters, which was unexpected.  
  After irradiation, the oxidation-reduction potential of the meat were modified, which 
resulted in increased lipid and protein oxidation (P < 0.01). As shown in Table 4, a positive 
relation was found between lipid/protein oxidation and dimethyl disulfide (P < 0.05), while 
negative correlation was observed between lipid/protein oxidation and ADP (P < 0.01) and 
IMP (P < 0.05). These observations confirmed that production of dimethyl disulfide as the 
major off-odor volatile and the degradation of nucleotides as the major cause of taste 
deterioration in irradiated meat (Feng et al., 2016).  
 
Conclusion 
Irradiation can change the oxidation-reduction potential and taste/odor profiles of meat. 
After irradiation, the lipid and protein oxidation significantly increased, while the heme 
pigments in raw beef round eye degraded or denatured under the same circumstance. The 
degradation of nucleotides could be attributed to the taste changes in irradiated meat, which 
was further confirmed by electronic tongue data (increased sourness but depleted umami taste). 
Hydrocarbons had little effects on the odor of irradiated raw beef round eye, but a detectable 
irradiation odor was produced by dimethyl disulfide, the major radiolytic degradation product 
of sulfur-containing amino acids. Although, 2-butanone has a very high threshold value, the 
amount was significantly increased by irradiation due to the ketonic decarboxylation reaction. 
This finding suggested that the use of antioxidants (e.g.: ascorbic acid) or masking agents (e.g.: 
garlic)could be helpful to minimize the changes of oxidation-reduction potential and off-
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taste/odor production by irradiation. Thus, the negative effect of the irradiation on the sensory 
quality of meat products can be reduced. 
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Table 1 Lipid oxidation, protein oxidation and color of the irradiated raw beef round 
eye in vacuum packaging at day 0 
 0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
Lipid oxidation1: 0.25 b 0.23 b  0.31 a 0.36 a 0.004 
Protein oxidation2: 0.44 c 0.43 c 0.47 b 0.49 a 0.002 
Color:      
 L*-value:  46.30 a 45.14 ab 44.25 bc 42.62 c 0.20 
 a*-value:  14.71 a 11.50 b 10.20 c 9.64 c 0.12 
b*-value:  5.19 a 4.65 b 4.34 c 3.68 d 0.02 
 
a,b,c,d Means with different letters within a row differ significantly (P<0.05). n = 3. 
1 Thiobarbituric acid reactive substances (TBARS) (mg malonaldehyde/kg meat) 
2 Carbonyl content (nmoles/mg protein) 
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Table 2 Effect of irradiation on nucleotides and nucleotide degradation products in the 
raw beef round eye in vacuum packaging at day 0  
  0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
ADP 3.58 a 3.79 a 3.13 b 2.74 c 0.02 
AMP 0.11 c 0.19 c 0.28 b 0.55 a 0.01 
IMP 3.06 a 3.02 a 1.86 b 0.77 c 0.02 
Inosine  6.78 a 6.88 a 5.87 b 2.88 c 0.02 
Hx 15.37 b 15.77 b 17.93 a 15.52 b 0.10 
 
a,b,c,d Means with different letters within a row differ significantly (P<0.05). n = 3. 
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Table 3 Effect of irradiation on the volatile profiles of irradiated raw beef round eye in 
vacuum packaging at day 0  
 0 kGy 1.5 kGy 3.0 kGy 4.5 kGy SEM 
 Total ion counts × 10 4  
Sulfur compounds      
Dimethyl disulfide 0 c 225 c 1138 b 2208 a 28 
      
Aldehydes      
Hexanal  0 d 239 b 158 c 549 a 1 
2-Methyl-butanal 0 b 0 b 0 b 79 a 1 
3-Methyl-butanal 0 b 0 b 0 b 213 a 1 
      
Ketones      
2-Propanone  0 c 6136 a 0 c 4976 b 12 
2-Butanone 196 d 664 c 2280 a  1179 b 29 
2,3-Butanedione 0 d 117 c 257 a 150 b 1 
      
Benzene      
Benzene  0 c 116 b 123 b 396 a 4 
      
Hydrocarbons      
2,3,3-Trimethyl- pentane 0 c 97 b 93 b 173 a 7  
2,3,4-Trimethyl- pentane 0 b 0 b 0 b 57 a 1  
2,2,3,4-Tetramethyl-pentane 0 b 56 a 53 a 55 a 3  
3,5-dimethyl-2-hexene 0 b 0 b 0 b 102 a 1  
2,2,5-Trimethyl-hexane  0 b 0 b 0 b 182 a 1  
2,2,5,5-Tetramethyl-hexane 0 c 107 a 59 b 0 c 2  
Heptane  0 c 148 b 0 c 475 a 7  
1-Heptene  0 b 0 b 0 b 97 a 1  
2,2,4-Trimethyl-heptane 0 b 0 b 124 a 108 a 5  
3,3,5-Trimethyl-heptane 0 c 114 a 57 b 138 a 5  
Octane  79 c 335 b 309 b 637 a 18  
1-Octene  65 c 193 b 157 b 387 a 8  
2-Octene  41 c 106 b 117 b 348 a 1  
4-Octene 0 b 0 b 0 b 88  a 1  
2,2-Dimethyl-octane 0 b 346 a 0 b 0 b 1 
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Table 3 (continued) 
 
3,5-Dimethyl-octane 0 b 54 a 0 b 0 b 1  
2,2,7,7-Tetramethyl-octane 0 b 123 a 0 b 0 b 1  
2,2,6-Trimethyl-decane 61 c 106 b 132 a 0 d 2  
2,5,6-Trimethyl-decane 0 b 0 b 58 a 0 b 1 
2,2,8-Trimethyl-decane 0 b 0 b 0 b 180 a 1 
 
a,b,c,d Means with different letters within a row differ significantly (P<0.05). n = 4. 
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Table 4 Pearson correlation between the traits of irradiated raw beef round eye 1  
 
1 Significant correlation was shown in bold (*: P < 0.05, **: P < 0.01)  
Variables Sourness Saltiness Umami Sweetness Bitterness Lipid oxidation 
Protein 
oxidation 
ADP AMP IMP Inosine Hx Dimethyl disulfide 2-Butanone 2,3-Butanedione 
Sourness 1 -0.874 -0.557 -0.933 -0.682 0.399 0.443 -0.395 0.177 -0.360 -0.075 0.981* 0.337 0.965* 0.893 
Saltiness  1 0.596 0.873 0.942 -0.367 -0.396 0.342 -0.339 0.411 0.166 -0.854 -0.429 -0.926 -0.983* 
Umami   1 0.819 0.673 -0.964* -0.968* 0.953* -0.910 0.974* 0.868 -0.390 -0.969* -0.736 -0.728 
Sweetness    1 0.777 -0.689 -0.721 0.681 -0.520 0.670 0.427 -0.848 -0.654 -0.988* -0.940 
Bitterness     1 -0.453 -0.466 0.419 -0.543 0.540 0.361 -0.632 -0.578 -0.813 -0.934 
Lipid oxidation      1 0.999** -0.999** 0.917 -0.986* -0.932 0.214 0.969* 0.575 0.529 
Protein oxidation       1 -0.998** 0.900 -0.980* -0.911 0.261 0.961* 0.610 0.557 
ADP        1 -0.902 0.978* 0.924 -0.210 -0.958* -0.564 -0.507 
AMP         1 -0.967* -0.978* -0.005 0.982* 0.417 0.472 
IMP          1 0.957* -0.175 -0.997** -0.563 -0.561 
Inosine           1 0.117 -0.960* -0.303 -0.320 
Hx            1 0.154 0.907 0.840 
Dimethyl disulfide             1 0.552 0.571 
2-Butanone              1 0.967* 
2,3-Butanedione               1 
1
6
1
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Fig. 1. Principal component (PC) analysis for the volatile compounds ( ) of irradiated 
raw beef round eye ( )  
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Fig. 2. Electronic tongue ( ) separation of irradiated raw beef round eye ( ) in vacuum 
packaging at day 0 using principal component analysis 
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CHAPTER 8. GENERAL CONCLUSION 
 
Irradiation can change the oxidation-reduction potential of meat by producing various 
products from water molecules (Thakur & Singh, 1994). Color, lipid oxidation, protein 
oxidation, off-odor volatiles, and nucleotides and nucleotides degradation products of meat 
were influenced by irradiation, but those parameters showed different tolerance to irradiation.  
Color is an important factor to determine the consumer acceptance of fresh meat 
(Lawrie & Ledward, 2006). During irradiation process, carbon monoxide was produced from 
asparagine, glyceraldehyde and phospholipids (Lee & Ahn, 2004), and then CO-heme 
pigments were formed in raw meat, which increased the redness in the raw meat (Nam & Ahn, 
2002a, 2002b). According to our results, the same chemical reaction also was occurred in the 
uncured cooked meat. However, a color fading was observed in cured cooked meat, which was 
possibly attributed to the detachment of nitric oxide from the cured pigment (Ahn et al., 2003; 
Houser et al., 2005).  
Besides water, lipid (2.5%) and protein (19%) are the major components of meat and 
meat products (Lawrie & Ledward, 2006), and oxidative deterioration is a major factor that 
causes quality loss in muscle food products (Jensen, 1949). Because of the different 
availabilities of nitric oxide to myoglobin in raw, uncured and cured cooked meat, their effects 
to lipid/ protein oxidation were different in those meats. Raw and uncured cooked turkey meats 
were more sensitive to lipid oxidation than the cured ones because they do not have protection 
of nitric oxide to stabilize the iron in myoglobin. Antioxdative nitroso- and nitrosyl compounds 
also were formed during curing process of meat (Sebranek, 2009). However, such protection 
effect was not found in protein oxidation because the radiolytic products of water molecules 
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not only oxidize amino acid side chains, but also fragment the backbone of protein through the 
α-amidation pathway and β-scission (Zhang, Xiao, & Ahn, 2013). The cluster analysis results 
further showed that majority of the off-odor volatiles were from the muscle sarcoplasmic 
proteins because the primary radiolytic product from water (hydroxyl radical) had higher 
chances to react with the water-soluble molecules nearby.  
The catabolism of adenosine triphosphate (ATP) can provide a pool of flavor 
compounds and flavor precursors for meat (Haard, Simpson, & Pan, 1994), and IMP has been 
demonstrated to generate meat odor and taste both in model systems and sensory studies 
(Farmer, Hagan, & Paraskevas, 1996; Mottram, 1994). Irradiation had a significant impact to 
the amount of nucleotides (adenosine diphosphate, adenosine monophosphate and inosine 
monophosphate) and the breakdown of these nucleotides (inosine and hypoxanthine). In this 
study, the proposed nucleotides degradation pathway by irradiation in uncured meat was 
confirmed by meat and model systems:  
ADPAMPAdenosine/IMPinosinehypoxanthine. 
However, inosine and hypoxanthine were unstable when they were irradiated at > 3.0 kGy, 
which might have further degraded into uric acid and other compounds (Kochetkov & 
Budovskii, 1972). Irradiation showed little effect on the amounts of nucleotides and 
nucleotides degradation products in cured RTE turkey meat products because nitrite in cured 
meat products functioned as an antioxidant /radioprotector and minimized the effects of 
irradiation on nucleotides degradation (Sebranek, 2009). 
All irradiated meat produced detectable irradiation odor (Ahn, 2002). In this study, 
the two major products responsible for off-odor of irradiated meat and their formation 
pathways were confirmed by meat and model systems: 1) the aldehydes from lipid oxidation 
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(Brewer, 2009) as well as radiolytic degradation products of amino acids; and 2) the radiolytic 
degradation products from sulfur-containing amino acids. However, the contributions from 
lipid and non-sulfur amino acids were minor compared with sulfur amino acids. Among the 
sulfur-containing amino acids, methionine made the greatest contribution to the irradiation off-
odor based on sensory evaluation results. The sulfur amino acids produced volatiles not only 
through the direct cleavage of the side chains, but also the chemical reactions of primary sulfur 
compounds with other compounds produced by irradiation. 
The irradiation-dependent changes of physicochemical parameters on the effect of 
sensory characteristics were further verified using the electronic tongue and multivariate 
analysis in the red meat system. The analysis of electronic tongue indicated that the degradation 
of nucleotides by irradiation were correlation with the increase in sourness and the decrease in 
umami taste. The amounts of sulfur volatiles (e.g.: dimethyl disulfide) increased significantly 
after irradiation, indicating they were closely related to the off-odor of irradiated red meat 
system. Those finding further suggested that the results in white meat systems can be 
extrapolated into red meat systems without modifications.  
All these results further confirmed that irradiation can change the oxidation-reduction 
potential of meat. However, our findings also pointed out the possible solutions to minimize 
the off-taste/odor production in meat by irradiation. Yang et al. (2011) used garlic, onion and 
their combinations to mask the off-odor in irradiated raw ground beef, while Nam & Ahn (2003) 
applied antioxidants to reduce lipid oxidation and off-odor volatiles of irradiated pork patties. 
Those works indicated that the use of antioxidants or masking agents could be helpful to 
minimize the changes of oxidation-reduction potential and the negative effect of the irradiation 
on the sensory quality. Adding in-package odor scavengers into the vacuum-packaging bags 
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also is a possible solution to reduce irradiation off-odor because majority of the off-odor can 
be absorbed in the odor scavengers. 
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